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ABSTRACT (ENGLISH) 
Elaboration and characterization by electrochemical technique CZTS thin layers for 
photovoltaic application 
The increase in energy needs, particularly in terms of environmental protection, has greatly 
stimulated research in the field of photovoltaic conversion in recent years. Solar radiation 
provides an excellent resource for producing clean and sustainable electricity without toxic 
pollution or global warming, but in terms of high demand for energy for electricity production 
as well as the toxicity or scarcity of components constitute the solar cells, this solar 
transformation technology is still somewhat limited. Because these parameters constitute the 
main environmental concerns surrounding the photovoltaic industry. The compound 
𝐶𝑢2𝑍𝑛𝑆𝑛𝑆4 (𝐶𝑍𝑇𝑆) can be considered as one of the most promising absorbent layer materials 
for low cost thin film solar cells. The abundance and non-toxicity of the constituent elements 
this promising material is the subject of this work. Obviously, this leads us to think about 
optimizing the other parameters influencing the formation of thin layers by the 
electrodeposition method. An electrochemical deposition technique which offers an 
advantageous alternative from an economic point of view and especially from the possibility 
of using large surface substrates. 
The initial focus was on determining the optimal parameters for the CZTS quaternary thin film 
development process. The electrodeposition is implemented by the technique of polarization 
of a potentiostatic electrode. Because this technique is based on the deposition potential of each 
substance constituting the electrolytic bath, a study has been conducted on the effect of the 
factors of complexity in order to assimilate these reduction potentials. Then, the annealing 
process which is a necessary step in the formation of absorbent layers in CZTS was mastered, 
under the influence of the complexity factor so as to reduce the annealing temperature while 
preserving the properties of the material. High quality kesterite films with a compact 
morphology and a well-defined crystal structure at low temperatures were synthesized using 
Na2SO4 as the complexing agent. Subsequently, the CZTS kesterite films were prepared on 
different conductive substrates (ITO, FTO and Mo / glass) due to specifying the effect of back 
contact. The best behavior is a specific combination of the parameters studied. This work made 
it possible in particular to master the composition of the films deposited, the annealing process 
as well as the necessary characterization techniques. Finally, our strategy implements a digital 
simulation of the CZTS solar cell using the SCAPS-1D software. After the experimental 
visualization of the thin layers of CZTS on different conductive substrates, modeling by the 
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SCAPS-1D software of the CZTS solar cell device showed that the back-contact Mo mounts 
the best performances. 
 Keywords: Kesterite, 𝐶𝑍𝑇𝑆, complexing agents, annealing temperature, simulation 𝑆𝐶𝐴𝑃𝑆, 
back contact, electrodeposition.  
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RESUMÉ (FRANÇAIS) 
Élaboration et caractérisation par voie électrochimique des couches minces en CZTS pour 
application photovoltaïque 
L'augmentation des besoins énergétiques, notamment en matière de protection de 
l'environnement, a fortement stimulé la recherche dans le domaine de la conversion 
photovoltaïque ces dernières années. Le rayonnement solaire fournit une excellente ressource 
pour produire de l'électricité propre et durable sans pollution toxique ni réchauffement 
climatique, mais en termes de forte demande d'énergie pour la production de l’électricité ainsi 
que la toxicité ou la rareté des composants constituent les cellules solaires, cette technologie 
de transformation solaire est encore un peu limitée. En raison que ces paramètres constituent 
les principales préoccupations environnementales entourant l'industrie photovoltaïque. Le 
composé 𝐶𝑢2𝑍𝑛𝑆𝑛𝑆4 (𝐶𝑍𝑇𝑆) peut être considéré comme l'un des matériaux de couche 
absorbante les plus prometteurs pour les cellules solaires en couches minces à faible coût. 
L’abondance et la non-toxicité des éléments constitutifs ce matériau prometteur fait l'objet de 
ce travail. De toute évidence, cela nous amène à réfléchir pour optimiser les autres paramètres 
influençant la formation de couches minces par la méthode d'électrodéposition. Une technique 
de dépôt par voie électrochimique qui offre une alternative avantageuse du point de vue 
économique et surtout de la possibilité d’utiliser des substrats de grande surface. 
Initialement, l'accent était mis sur la détermination des paramètres optimaux pour le processus 
d’élaboration de couches minces du quaternaire CZTS. L'électrodéposition est mise en œuvre 
par la technique de polarisation d'une électrode potentiostatique. En raison, que cette technique 
reposant sur le potentiel de dépôt de chaque substance constituant le bain électrolytique, une 
étude a été menée sur l'effet des facteurs de complexité afin de rapprocher ces potentiels de 
réduction. Ensuite, Le processus de recuit qui est une étape nécessaire dans la formation de 
couches absorbantes en CZTS a été maîtriser, sous l'influence du facteur de complexité en 
raison de réduire la température de recuit tout en conservant les propriétés du matériau. Des 
films de kësterite de haute qualité avec une morphologie compacte et une structure cristalline 
bien définie à basse température ont été synthétisés en utilisant Na2SO4 comme agent 
complexant. Par la suite, les films de kestérite 𝐶𝑍𝑇𝑆 ont été préparés sur différents substrats 
conducteurs (ITO, FTO et Mo / verre) en raison de spécifier l'effet du contact arrière. Le 
meilleur comportement est une combinaison spécifique des paramètres étudiés. Ces travaux 
ont permis notamment de maîtriser la composition des films déposés, le processus de recuit 
ainsi que les techniques de caractérisation nécessaire.  Finalement, notre stratégie met en œuvre 
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une simulation numérique de la cellule solaire 𝐶𝑍𝑇𝑆 à l'aide du logiciel 𝑆𝐶𝐴𝑃𝑆 − 1𝐷. Après 
la visualisation expérimentale des couches minces de Czts sur différent substrats conducteur, 
une modélisation par le logiciel SCAPS-1D du dispositif CZTS cellules solaires a montré que 
le Mo contact arrière monte les meilleures performances. 
Mots-clés : Kestérite 𝐶𝑍𝑇𝑆, agents complexant, température de recuit, simulation par 𝑆𝐶𝐴𝑃𝑆, 
contact arrière, électrodéposition. 
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RESUMEN (CASTELLANO) 
Elaboración y caracterización por medios electroquímicos de capas delgadas en CZTS para 
aplicación fotovoltaica 
El aumento de las necesidades energéticas, particularmente en términos de protección del 
medio ambiente, ha estimulado en gran medida la investigación en el campo de la conversión 
fotovoltaica en los últimos años. La radiación solar proporciona un recurso excelente para 
producir electricidad limpia y sostenible sin contaminación tóxica o calentamiento global, pero 
en términos de alta demanda de energía eléctrica, así como la toxicidad o escasez de 
componentes que constituyen las células solares, esta tecnología de transformación solar 
todavía es algo limitada. En consecuencia estos parámetros constituyen las principales 
preocupaciones ambientales que rodean a la industria fotovoltaica.  
El compuesto 𝐶𝑢2𝑍𝑛𝑆𝑛𝑆4 (CZTS) puede considerarse como uno de los materiales absorbentes 
más prometedores para las células solares de película delgada de bajo costo. La abundancia y 
la no toxicidad de los elementos constitutivos de este prometedor material es el tema de este 
trabajo. Este objetivo nos ha llevado a pensar en optimizar los parámetros que influyen en la 
formación de capas delgadas por métodos electroquímicos. La  técnica de deposición 
electroquímica o electrodeposición catódica ofrece una alternativa ventajosa desde un punto de 
vista económico y especialmente ofrece la posibilidad de utilizar sustratos de gran superficie. 
El enfoque inicial fue determinar los parámetros óptimos para el proceso de desarrollo de 
película delgada cuaternaria de CZTS. La electrodeposición se implementó mediante la técnica 
de polarización de un electrodo por el método potenciostático, o sea a potencial constante. 
Debido a que esta técnica se basa en el potencial de deposición de cada sustancia que constituye 
el baño electrolítico, se ha llevado a cabo un estudio sobre el efecto de los factores de 
complejidad para acercar estos potenciales de reducción. Una vez fueron depositadas las capas, 
se continuó con el estudio del proceso de recocido, que es un paso necesario en la formación 
de capas absorbentes de CZTS bajo la influencia del factor de complejidad, debido a que 
conviene reducir la temperatura de recocido mientras se intenta conservan las propiedades del 
material.  
Se sintetizaron películas de kesterita de alta calidad con una morfología compacta y una 
estructura cristalina bien definida a bajas temperaturas usando Na2SO4 como agente 
acomplejante. Posteriormente, las películas de kesterita CZTS se prepararon en diferentes 
sustratos conductores (ITO, FTO y Mo / vidrio) para estudiar el efecto del contacto posterior. 
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Comprobamos que el mejor comportamiento se produce para una combinación específica de 
los parámetros estudiados.  
En particular este trabajo nos ha permitido controlar la composición de las películas 
depositadas, dominar el proceso de recocido y usar las técnicas de caracterización necesarias 
para evaluar la composicion, calidad y propiedades optoelectrónicas de las capas de CZTS 
sintetizadas.  
Finalmente, nuestra estrategia implementa una simulación digital de la célula solar CZTS 
utilizando el software SCAPS-1D. Después de la visualización experimental de las capas 
delgadas de CZTS en diferentes sustratos conductores, el modelado por el software SCAPS-
1D del dispositivo de células solares CZTS demostró que el contacto trasero Mo ofrece los 
mejores rendimientos. 
Palabras clave: kesterita CZTS, gentes complejantes, temperatura de recocido, simulación 
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RESUM (VALENCIÀ) 
El·laboració i caracteritzación por mitjans electroquímics de capas primes de CZTS per aplicacions  
fotovoltaiques  
L'augment de les necessitats energètiques, particularment en termes de protecció de l'entorn, 
ha estimulat en gran mesura la investigació en el camp de la conversió fotovoltaica en els últims 
anys. La radiació solar proporciona un recurs excel·lent per produir electricitat neta i sostenible 
sense contaminació tòxica ni escalfament global, però en termes de l'alta demanda d'energia 
elèctrica, així com la toxicitat o escassetat de components que constitueixen les cèl·lules solars, 
aquesta tecnologia de transformació solar encara trova barreres limitadores. En conseqüència 
aquests paràmetres constitueixen les principals preocupacions ambientals que envolten a la 
indústria fotovoltaica. 
El compost 𝐶𝑢2𝑍𝑛𝑆𝑛𝑆4 (CZTS) pot considerar-se com un dels materials absorbents més 
prometedors per a les cèl·lules solars de pel·lícula prima i de baix cost. L'abundància i la no 
toxicitat dels elements constitutius d'aquest prometedor material és el tema d'aquest treball. 
Aquest objectiu ens ha portat a treballar en l’optimització dels paràmetres que influeixen en la 
formació de capes primes de CZTS per mètodes electroquímics. La tècnica de deposició 
electroquímica o electrodeposició catòdica ofereix una alternativa avantatjosa des d'un punt de 
vista econòmic i especialment ofereix la possibilitat d'utilitzar substrats de gran superfície. 
L'enfocament inicial va ser determinar els paràmetres òptims per al procés de desenvolupament 
d’una pel·lícula prima quaternària de CZTS. La electrodeposició es va implementar mitjançant 
la tècnica de polarització d'un elèctrode pel mètode potenciostàtic, o siga a potencial constant. 
Aquesta tècnica es basa en el potencial de deposició de cada substància que constitueix el bany 
electrolític es diferent i per tant s'ha dut a terme un estudi sobre l'efecte dels factors de 
complexitat per tal apropar aquests potencials de reducció de tots els components involucrats. 
Un cop van ser dipositades les capes, es va continuar amb l’estudi del procés de recuit, que és 
un pas necessari en la formació de capes absorbents de CZTS sota la influència del factor de 
complexitat, a causa de la reducció de la temperatura de recuit mentre es conserven les 
propietats de l'material. 
Es van sintetitzar pel·lícules de kesterita d'alta qualitat amb una morfologia compacta i una 
estructura cristal·lina ben definida a baixes temperatures usant Na2SO4 com a agent 
acomplexant. Posteriorment, les pel·lícules de kesterita CZTS es van preparar en diferents 
substrats conductors (ITO, FTO i Mo / vidre) per estudiar l'efecte del contacte posterior sobre 
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les capes fines. Obtinguerem que el millor comportament és una combinació específica dels 
paràmetres estudiats. 
En particular aquest treball ens ha permès controlar la composició de les pel·lícules dipositades, 
controlar el procés de recuit i usar les tècniques de caracterització necessàries per avaluar la 
composició, qualitat i propietats optoelectròniques de les capes de CZTS depositades. 
Finalment, en la nostra estratègia es va implementar una simulació numérica d’una cèl·lula 
solar de CZTS utilitzant el programari SCAPS-1D. Després de la visualització experimental de 
les capes primes de CZTS en diferents substrats conductors, el modelatge pel programari 
SCAPS-1D del dispositiu fotovoltaic de CZTS va demostrar que el contacte posterior de Mo 
és el que ofereix el millor rendiment. 
Paraules clau: kesterita, CZTS, agents complexants, temperatura de recuit, simulació SCAPS, 
contacte posterior, electrodeposició. 
  
 




𝑻𝑾𝒉 Terawatt hours 
𝑷𝑽 Photovoltaic 
𝑰𝑬𝑨 International Energy Agency 
𝑯𝑶𝑴𝑶 Highest Occupied Molecular Orbital 
𝑳𝑼𝑴𝑶 Lowest Unoccupied Molecular Orbital). 
𝑸𝑫𝑺𝑺𝑪𝒔 Quantum dot-sensitized solar cells 
𝑫𝑺𝑺𝑪𝒔 Dye sensitized solar cells  
𝑶𝑺𝑪𝒔 Organic solar cells 
𝑷𝑺𝑪𝒔 Perovskite solar cells 
𝑨𝒓 Argon gas  
 𝑯𝟐𝑺 Sulfur powder 
𝑿𝑹𝑫 X-ray diffraction 
𝑬𝑴𝑪𝑪𝑫 Electronically enhanced multichannel Charge Coupled Device 
𝑭𝑬𝑺𝑬𝑴 Field emission scanning electron microscopy 
𝑺𝑬𝑴 Scanning electron microscopy 
𝑬𝑫𝑺 Energy dispersive spectroscopy  












𝒂 − 𝑺𝒊 Amorphous silicon 
𝑪𝑮𝑺 Copper gallium selenide, CuGaSe2 
𝑪𝑰𝑮𝑺 Copper indium gallium selenide, Cu(In, Ga)Se2  
𝑪𝒁𝑻𝑺 Copper zinc tin sulfide, Cu2ZnSnS4 
𝑪𝒁𝑻𝑺𝒆 Copper zinc tin selenide, Cu2ZnSnSe4 
 
   
12 
𝑪𝑭𝑻𝑺 Copper iron tin sulfide, Cu2FeSnS4 
𝑪𝑭𝑻𝑺𝒆 Copper iron tin selenide, Cu2FeSnSe4 
𝟏 𝑺𝒖𝒏 Used as a synonym for AM1.5 illumination 
𝒁𝒏𝑶 Zinc Oxide 
𝑪𝒅𝑺 Cadmium sulfide 
𝑬𝑷𝑯 Electron hole pair 
𝑪 − 𝑺𝒊 Crystalline silicon 
𝑻𝑪𝑶 Transparent conduction oxide 
RE Reference electrode 
𝑵𝑹𝑬𝑳 National Renewable Energy Laboratory 
𝑳𝒅𝒊𝒇𝒇 Diffusion length 
𝒌 Boltzmann’s constant 
𝑻 Environment temperature 
𝑪𝑩𝑶 Conduction band offset 
𝑮 Recombination rate 
𝑹𝒔𝒉 Shunt resistance 
𝑹𝒔 Series resistance 
𝑬𝑯𝑷 Electron-hole pair 
𝑰𝒆 Electron current 
𝑰𝒉 Hole current 
𝒍  Length of the intrinsic semiconductor 
𝑺𝑪𝑨𝑷𝑺 Solar Cell Capacitance Simulator 
𝑨𝑴𝑷𝑺  Analysis of Microelectronics and Photonics Structures 
𝑨𝑭𝑶𝑹𝑺 − 𝑯𝑬𝑻 Automat FOR Simulation of HETero structures 
𝑨𝑺𝑨 Amorphous Semiconductor Analysis 
𝑬𝑩 Energy band 
𝑬𝒇 Fermi energy 
𝑽𝒕𝒉 Threshold voltage 
𝑰𝑳 Photocurrent 
𝑰𝟎 Reverse saturation current of solar cell/ Diode leakage current 






   
13 
List of Figures 
Chapter II: 
Figure 2.1: The spectrum of solar radiation .......................................................................................... 28 
Figure 2.2: energy diagrams of the three main type of materials .......................................................... 29 
Figure 2.3: Representation of covalent bonds in a silicon crystal lattice. ............................................. 30 
Figure 2.4: 𝑛 −type semiconductor ...................................................................................................... 31 
Figure 2.5: 𝑝 −type semiconductor ...................................................................................................... 32 
Figure 2.6: Functionality of the P-N junction ....................................................................................... 33 
Figure 2.7: Characteristic current voltage (𝐼𝑉) of a solar cell, under dark and illumination ............... 33 
Figure 2.8: 𝑉𝑜𝑐 and 𝐼𝑠𝑐 representation in 𝐼𝑉 cure ................................................................................ 34 
Figure 2.9: Ideal model of solar cell ..................................................................................................... 35 
Figure 2.10: Equivalent circuit of a solar panel .................................................................................... 36 
Figure 2.11: Different types of solar cell technologies and current development trends [30] .............. 39 
Figure 2.12: Content and the world trading price of the elements used in light absorbers 𝐶𝑑𝑇𝑒, 𝐶𝑢𝐼𝑛𝑆𝑒2 
and 𝐶𝑢2𝑍𝑛𝑆𝑛𝑆4 for thin film solar cells. ............................................................................................. 41 
Figure 2.13: representative diagram of the different compounds possible by the substitution of the 
diamond mesh ....................................................................................................................................... 42 
Figure 2.14: Crystal structure of the quaternaries 𝐶𝑢2𝑍𝑛𝑆𝑛𝑆4 ............................................................ 43 
Figure 2.15: Standard structure of a 𝐶𝑍𝑇𝑆-based solar cell. ................................................................. 46 
Figure 2.16: Basic steps during electrochemical growth ...................................................................... 50 
Chapter III: 
Figure 3.1 : Schematic diagram of electrochemical deposition setup ................................................... 55 
Figure 3.2 : Annealing process ............................................................................................................. 58 
Figure 3.3 : Schematic representation of the interference conditions predicted by Bragg's law. ......... 59 
Figure 3.4 : Image of the X-ray diffraction ........................................................................................... 61 
Figure 3.5: Simulated Cu-Kα X-ray diffraction patterns of kesterite 𝐶𝑢2𝑍𝑛𝑆𝑛𝑆4, 𝐶𝑢𝑆𝑛𝑆3 and 
zincblende 𝑍𝑛𝑆 ..................................................................................................................................... 62 
Figure 3.6: Image of the scanning electron microscopy (FESEM) a Zeiss ULTRA 55 ....................... 63 
Figure 3.7: Image of atomic force microscopy Bruker's multimode 8 (AFM) ..................................... 65 
Figure 3.8:  Schematic representation of the UV-Visible spectrophotometer ...................................... 66 
Figure 3.9: SCAPS front end interface ................................................................................................. 70 
Figure 3.10: SCAPS solar cell definition panel .................................................................................... 71 
Figure 3.11: Layer properties panel ...................................................................................................... 72 
Chapter IV:  
Article 1 
Figure 1 : Schematic diagram of electrochemical deposition setup ...................................................... 80 
 
   
14 
Figure 2 : Annealing process ................................................................................................................ 80 
Figure 3 : Cyclic voltammetry curves of the electrolyte containing (a) Solution 1: Trisodium citrate and 
tartaric acid as complexing agents, (b) Solution 2: Trisodium citrate, tartaric acid, and sodium sulfate 
as complexing agents. ........................................................................................................................... 83 
Figure 4 : X-ray diffraction patterns of 𝑪𝒁𝑻𝑺 films electrodeposited at different temperature of 
annealing ............................................................................................................................................... 84 
Figure 5 : FWHM of (112) peak of CZTS samples .............................................................................. 85 
Figure 6 : Raman spectra of CZTS thin films at different annealing temperature ................................ 86 
Figure 7 : 𝑺𝑬𝑴 surface morphological images of 𝑪𝒁𝑻𝑺 films at different annealing temperatures ... 88 
Figure 8 :  Two-dimensional topographical spatial maps of 𝑪𝒁𝑻𝑺 thin films ...................................... 89 
Figure 9 : Variation of (𝒂𝒉𝒗)𝟐 as a function of photon energy (𝒉𝒗) for deposited CZTS films at a 
different temperature of annealing ........................................................................................................ 91 
Article 2 
Figure  1 : XRD spectra of sulfurized CZTS samples grown at different glass supports ..................... 97 
Figure  2 : Raman spectra of CZTS films deposited on diverse substrates ........................................... 98 
Figure  3 : CZTS films SEM images on (A) ITO, (B) FTO and (C) Mo substrates ............................. 99 
Figure  4 : 𝜶𝒉𝝊𝟐 variation as a function of 𝒉𝝊 for CZTS films ......................................................... 101 
Figure  5 : Different metals and semiconductor Schottky junction and band formation .................... 103 
Figure  6 : 𝐽 − 𝑉 characteristics of 𝐼𝑇𝑂, 𝐹𝑇𝑂, 𝑀𝑜 used as back contacts .......................................... 104 
Figure  7 : Recombination profile of different metal contact. ............................................................. 104 
Article 3 
Figure 1 : Autolab PGSTAT 302N potentiostatic setup ..................................................................... 111 
Figure 2 : X-ray diffraction spectrum of annealed samples ................................................................ 112 
Figure 3 : Raman spectra of different CZTS thin films ...................................................................... 113 
Figure 4 : FE-SEM descriptions of as-deposited CZTS film. ............................................................. 114 
Figure 5 : FE-SEM descriptions of annealed 𝑪𝒁𝑻𝑺 film samples with cross-sectional morphology. 116 
Figure  6 : EDS spectrum of annealed CZTS kesterite thin films ....................................................... 116 
Figure  7 : Transmittance spectrum of annealed CZTS kesterite thin films ....................................... 117 





   
15 
List of Tables 
Chapter II: 
Table 2.1 : The positioning of the atom’s constituent the compound 𝐶𝑍𝑇𝑆 ......................................... 43 
Chapter IV:  
Article 1 
Table 1 :  The 𝑭𝑾𝑯𝑴 and the grain size of the different samples ...................................................... 85 
Table 2 : Elemental and composition ratios of prepared 𝑪𝒁𝑻𝑺 thin films ............................................ 89 
Article 2 
Table  1 :  𝑪𝒁𝑻𝑺 films composition deposited on different glass substrates ...................................... 100 
Table  2 :  Device modeling physical parameters used in 𝑺𝑪𝑨𝑷𝑺 − 𝟏𝑫. .......................................... 102 
Table  3 :  Physically induced defects.[192,193]. ............................................................................... 102 
Table  4 :  Work function of metal and semiconductor ....................................................................... 102 
Table  5 :  Solar cell performance parameters..................................................................................... 103 
Article 3 
Table 1 :  Structural parameters of the different annealed samples .................................................... 112 
Table 2 :  CZTS kesterite films composition by EDS analysis ........................................................... 116 
Table 3 :  Dislocation density and strain ............................................................................................. 117 
Table 4 :  CZTS thin films optical band gaps ..................................................................................... 119 
  
 





















   
19 
1.1 General Introduction 
The increase in population on a global scale, the economic take-off of the large emerging 
countries leads to an increase in the need for energy resources. Some of them, non-renewable 
or highly polluting for the environment, require careful management to guarantee development. 
Fossil fuels, which will run out in the short or medium term, no longer meet the requirements 
of sustainable development. In addition, they can produce several environmental problems such 
as pollution and the production of greenhouse gases. For this reason, the priority should be 
given to renewable energies. Today requires new resources, other resources available in 
unlimited quantities that preserve the environment and life.  
Given the current climate context, it is desirable that we develop renewable energy sources. 
Among the various alternatives to fossil fuels, solar power seems to be one of the most 
promising long-term solutions. In 2018, 26556 terawatt hours (𝑇𝑊ℎ) of electricity were 
produced worldwide, 26% of which came from renewable sources. This Figure is expected to 
increase by 55% by 2040, according to the International Energy Agency (IEA)[1]. 
Photovoltaics and wind power represent more than half of this growth. Solar photovoltaics is 
promised a great future thanks to the expected progress, to lower costs, its simplicity and its 
versatility. Although capacity additions remained flat in 2018, solar PV generation increased 
31% in 2018, and represented the largest absolute generation growth of all renewable 
technologies, slightly ahead of wind and hydropower. At a time when the energy transition is 
more than ever a priority, solar energy has become a solution of choice for producing clean and 
renewable energy. It is therefore clear that this source, the sun, has enough energy available to 
meet the annual energy needs of the entire planet if an efficient way to harvest this solar energy 
can be developed. Indeed, the significant production costs linked to the manufacture of solar 
cells are one of the major obstacles which contribute to making this energy uncompetitive. In 
addition, in the event that production costs could be reduced, large-scale production of solar 
cells will be limited by the scarcity of certain necessary elements such as silicon, indium or 
cadmium. However, thin film solar cells have been the subject of a great deal of research. 
Second generation thin-film technology is developed to increase yields while reducing 
manufacturing costs. Most materials of this generation are distinguished by a direct gap and a 
small thickness of a few micrometers (1 𝑡𝑜 3𝜇𝑚) that is sufficient to absorb the useful part of 
the solar spectrum. Unlike silicon, with an indirect gap and a thickness of the wafer on the 
order of 150𝜇𝑚. Even with this remarkable advantage that specifies this generation, the use of 
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the materials 𝐶𝑢(𝐼𝑛, 𝐺𝑎)𝑆𝑒2, (𝐶𝐼𝐺𝑆) or tellurium of cadmium (𝐶𝑑𝑇𝑒) which dominated 
mainly thin layers cells could in the future be limited. Firstly, by the rarity and high cost of 
elements such as indium and tellurium and secondly by the toxicity of Cadmium and Selenium 
[2].  In this context, it seems wise to develop new materials for photovoltaics panels based on 
abundant elements. For this purpose, the kesterite materials 𝐶𝑢2𝑍𝑛𝑆𝑛(𝑆, 𝑆𝑒)4 have attracted 
growing interest over the last years, the enthusiasm aroused due to the abundance, low cost as 
well as the non-toxicity of the chemical elements which constitute it for production of thin-film 
solar cells. Besides, the 𝐶𝑍𝑇𝑆 material has excellent physical properties, such as direct band 
gap energies (ranging from 1.0 eV to 1.5eV) and high absorption co-efficient (> 104 𝑐𝑚−1), 
which makes it a feasible option for photovoltaic thin film technologies. The best solar cell 
currently produced using 𝐶𝑍𝑇𝑆𝑆𝑒 gave a yield of 12.6% [3]. This result is certainly below the 
performance of other thin-film cells, but it remains very encouraging when we know that 
research on this material did not intensify until 2010 after the results obtained by IBM. 𝐶𝑍𝑇𝑆 
is an inherently difficult material to work with due to its complexity. As well as many 
secondary phases (in particular 𝐶𝑢2𝑆𝑛𝑆3 and 𝑍𝑛𝑆) can coexist in the absence of carefully 
controlled reaction conditions [4]. These are the main factors that limit the performance of 
𝐶𝑍𝑇𝑆-based cells. The formation of a pure phase material is difficult because its 
thermodynamic stability window is quite narrow, in addition, the Sn compounds are volatile 
and the 𝐶𝑍𝑇𝑆 decomposes at high temperatures. In our thesis work, we adopted an in-depth 
study to bring about a reduction in the annealing temperature of the prepared thin layers to 
avert these limiting factors. At the same time, with a view to reducing the costs of 
manufacturing while controlling the deposit process, the electrodeposition is proposed as an 
elaboration method. It can be used as a method of depositing metals, semiconductors and thin 
films. Compared to other deposition techniques, which employ sophisticated and therefore very 
expensive experimental devices. The electrodeposition is an inexpensive technique, easy to 
implement, with the possibility of depositing large areas and the deposition can be made at 
room temperature which is very important. These characteristics make electroplating one of 
the most requested methods for developing the different constituent layers of the solar cell. 
1.2 Motivation and objectives  
The strong demand for clean energy directs the world towards solar energy. Clean, 
inexhaustible and non-polluting energy. In commercial products, semiconductor materials and 
devices are widely used in various applications and play an important role. These materials 
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become the foundation of modern technologies. Due to good performance, low cost 
manufacturing, reliability and stability of thin films solar cells and with the increase demand 
for PV devices at low cost with higher energy conversion efficiency drives researchers in the 
world to explore for thinner, low-cost processing, cheaper materials with more efficient device 
structures. 
- The quaternary CZTS has been of great interest for the manufacture of absorbent thin 
films for photovoltaic applications due to the abundance as well as the non-toxicity of 
the elements of composition. 
- Elaboration of thin layers by a cheaper and an ease to implement technique what defines 
the electrochemical technique. 
- Optimization of operational parameters for a synthesis of thin layers at low cost while 
keeping the specific properties of the materials in question. 
- The film growth process requires mastery of back contact which influence directly the 
resulting bulk properties, including the formation of interfacial voids and potentially 
resistive secondary phases. 
With the intention to model these objectives, the thesis was developed according to the 
structure specified in the following paragraph. 
1.3 Structure of thesis  
The first chapter carries an introduction, in which the framework of this thesis is defined. 
In the second chapter, we present a bibliographic study concerning the photovoltaics solar cells 
and more precisely Kesterite solar cells. Chapter structure will be divided into three main 
section. As a start, the first part deals with general information on photovoltaics while clarifying 
the importance of photovoltaic energy in our system. In this context, a brief definition of solar 
cells, as well as the principle of photovoltaic conversion, will be devoted to finding out the 
operating principle of photovoltaic devices. Next, an exhibition of the main characteristics of 
PV cells with electrical modeling will also be explained in detail. Then, an overview of the 
different generations of solar cells, with an insight into the new challenge for the development 
of low-cost PV cells are introduced. After that, emphasis will be on Kesterite solar cells. This 
part exposes a detailed discussion on the 𝐶𝑍𝑇𝑆 material including the structural, optical and 
electrical properties, which will be followed by a description of the experimental techniques 
most requested for the development of this semiconductor. Foremost, the methods usually used 
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in the literature were presented and discussed for obtaining thin layers of 𝐶𝑍𝑇𝑆. Furthermore, 
we have chosen to focus on the description of the deposition technique: Electrodeposition, used 
for the realization of our own samples of 𝐶𝑍𝑇𝑆 thin films. 
Chapter three is largely dedicated to the deposition process used for the development of 𝐶𝑍𝑇𝑆 
thin layers, as well as the techniques for characterizing these layers. In addition, we have a look 
at the process of simulating these layers by 𝑆𝐶𝐴𝑃𝑆. For it, we will end this chapter with an 
overview of the basics of numerical simulation by 𝑆𝐶𝐴𝑃𝑆 software for the modeling of a solar 
cell. 
Chapter four constitutes the main body of the thesis. It will be devoted to the articles published 
in indexed scientific journals. The first article is about the electrodeposition of 𝐶𝑍𝑇𝑆 thin layers 
taking into account the effect of complexing agent. The second article stages the different back 
contact of 𝐶𝑍𝑇𝑆 thin layers that can be used on electrodeposition. While the third article deals 
with the effect of annealing temperature on 𝐶𝑍𝑇𝑆 thin films. 
The first article is entitled “Effect of complexing agent on the morphology and annealing 
temperature of 𝐶𝑍𝑇𝑆 kesterite thin films by electrochemical deposition” [4], as I am a little bit 
more chemist than physicist, I insisted to deposited my first article in the journal “Current 
applied physics” with an impact factor of 2.28. At the beginning I did not intend to look for the 
best journals with a high impact factor, but rather I was looking for a journal in physics to have 
the confidence to be able to move forward on this subject. This article is dedicated to the 
development of 𝐶𝑍𝑇𝑆 thin layers by the electrochemical experimental technique. The aim has 
been to decrease the annealing temperature of these thin layers, which requires significant 
energy. For it, a study on the addition of a complexing agent to the development process was 
the case. 
The second article “Back contact effect on electrodeposited 𝐶𝑍𝑇𝑆 kesterite thin films 
experimental and numerical investigation” [5] as title, is published in the Q1 journal “Solar 
energy” with an impact factor of 4.67. This article combines practical work with the theoretical 
side. In this context, the study is focused first on the development of 𝐶𝑍𝑇𝑆 thin layers by the 
technique of electrodeposition on different conductive substrates. Furthermore, in order to 
highlight the effect of back contact on the cell device, a simulation of 𝐶𝑍𝑇𝑆 -based cell with 
𝐶𝑑𝑆 and 𝑍𝑛𝑂 buffer layer and window layer respectively, by means of 𝑆𝐶𝐴𝑃𝑆 modeling 
software has been performed. 
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The third article presented in this thesis is titled “Single step electrochemical deposition for the 
fabrication of 𝐶𝑍𝑇𝑆 kesterite thin films for solar cells”[6]. This article is published in “Applied 
surface science” 𝑄1 journal, the impact factor of the latter is of the order of 6.18. The 
development of the 𝐶𝑍𝑇𝑆 absorbent layer by the electrochemical method accompanied by an 
examination of the annealing temperature in the presence of sulfur was the objective of this 
article. 
After having detailed in brief the work carried out during this thesis, chapter four reveals a 
general discussion of the main results of this thesis while recalling the important points of the 
research. Finally, chapter five presents the general conclusion summarizes all the results 
obtained, opens up perspectives and presents some proposals for the continuation of our work. 
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2.1 Introduction 
Nowadays and with the very strong demand for energy, so-called fossil energies (oil, gas, coal) 
it turns out that can no longer be used. These types of energies are not renewable, they are 
exploiting with a long process of transformation of organic matter which limits their use. On 
the one hand, energy resources or reserves are starting to diminish, which has put the price in 
the last decade in total increase, and on the other hand the release of a large amount of 
greenhouse gases (mainly carbon dioxide produced by human activity) that contribute 
significantly to air pollution and global warming. 
Otherwise, there is considerable potential for economic, industrial, social and new growth 
development through renewable energies. Some, such as wind and hydro energy, have been in 
use for thousands of years, but they are not profitable enough because they do not produce a 
lot of energy per unit area or on the side of their installation that is not available everywhere. 
Others, identical to geothermal energy that is not 100% renewable because it requires electricity 
and the quite low efficiency of biomass energy, solar energy dazzle the world with yield 
improvement due to the current technology of thin-film materials, we find solar energy is the 
most abundant, reachable and truly renewable energy source. The conversion of this energy 
into electricity is done in a direct way to produce thermal energy by the photothermal effect or 
electricity by the photovoltaic effect. 
This chapter presents the state of the art of solar cells. In this context, we show the importance 
of solar energy and the operation principle of photovoltaic solar cells. As our work concerns 
the development of 𝐶𝑢2𝑍𝑛𝑆𝑛𝑆4 thin layers by the electrodeposition technique, we are 
interested to give an overview of the fundamental properties of 𝐶𝑍𝑇𝑆 compounds. The crystal 
structure of these compounds as well as the electrical and optical properties and the 𝐶𝑍𝑇𝑆 based 
cell, are reviewed. Then, we will end this chapter with a brief description of the techniques and 
experimental methods most used for the deposition of this material and also some general 
information on the numerical analysis software used in this study which is SCAPS-1D. 
2.2 General information on photovoltaics 
2.2.1 Photovoltaic effect (History) 
Solar cell or also called photovoltaic cell is a key device that converts solar radiation into 
electrical energy according to the photovoltaic effect. This process is manifested when a 
semiconductor absorbs light. The photovoltaic effect was discovered in 1838 by the French 
physicist Antoine Henri Becquerel. One year later, the electrical effects across two electrodes 
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immersed in a highly conductive solution produced under the influence of solar rays have been 
presented to the academy of sciences by his son Alexandre-Edmond Becquerel [7]. Later, in 
1883 that the first functional solar cell was built by Charles Fritts, but that remained unusable 
and stilled long in abeyance due to poor performance until the Second World War. In 1954, 
three American researchers, Chapin, Pearson and Prince working for Bell Laboratories have 
managed to develop the first solar system made of silicon with an efficiency of 6%. During 
1970s, where photovoltaic technology has progressed steadily, the governments and industries 
start investing in photovoltaic technology, considerable efforts have been made to develop and 
reduce costs for photovoltaic cells to be used for terrestrial applications [8,9]. The photovoltaic 
industry has finally taken off to be in permanently progression. 
2.2.2 Preliminary concept of solar radiation 
The combination of several colors different seems as if we see just one white color, and this is 
the case of sun’s light. The sun consists mainly of gas, whose melting continues to produce a 
phenomenal amount of energy. This energy results in the radiation emission composed of 
wavelengths, mainly between 0.2 µ𝑚 and 3 µ𝑚. On the surface of the earth, the solar spectrum 
is no longer the same than in space, because it is weighted by the absorption of molecules 
present in the atmosphere (𝑂3, 𝐶𝑂2, 𝐻2𝑂, . . . ). Climatic conditions and the presence of particles 
(aerosols) also influence the actual value of the spectrum. The electromagnetic radiation of 
infrared, visible and ultraviolet light is the main radiation emitted by sunlight. Although, the 
solar irradiance is the power received from sun per unit area (watt per square meter, 𝑊/𝑚2) it 
constitutes 99% of the total incoming power in the soil-atmosphere-ocean system which is 
estimated at 173 petawatts. Each of the visible and invisible radiations of the solar spectrum 
has a different energy. Figure 2.1 represents the spectrum of solar radiation.  
 
Figure 2.1: The spectrum of solar radiation 
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2.2.3 Basic principle of photovoltaic conversion 
The conversion of sunlight into electricity is performed by semiconductor materials. The easy 
absorbance of light and the generation of a field and an electric tension give the otherness of 
these materials. This type of material is distinguished by its electrical properties between the 
conductor and an insulator. The conductors are the materials that conduct the electric current 
in a movement of free electrons, and it depends on the nature of the materials and also their 
size. In terms of energy band, conductors are the materials whose conduction and valence bands 
overlap. On the contrary, insulators present large gap energy between the valence and 
conduction band which makes it difficult to move electrons between these two bands and 
requires enough energy. Insulators are materials that inhibit the flow of electrical current under 
normal conditions. Therefore, from Figure 2.2 we see that the forbidden band of the 
semiconductor material is located between the conductor and the insulator. In order to 
participate in electric current, the electrons constituting the semiconductor need external energy 
to pass from a valance band to a conduction band. In photovoltaic cell, the semi-conduction 
materials are doped to form P-N structure as an internal electric field. The p-type (positive) 
material has the tendency to give up electrons and acquire holes while the n-type (negative) 
material accepts electrons. Although the electrical properties of semiconductors are strongly 
dependent upon temperature, the increase in temperature reinforce the conductivity of 
semiconductor materials unlike metals [10]. 
 
Figure 2.2: energy diagrams of the three main type of materials 
Additionally, the band gap (𝐸𝑔) of these materials is a few 𝑒𝑉, Eg represent the energy defined 
between its valence band (denoted 𝐸𝑣) and its conduction band (denoted 𝐸𝑐). 
The energy of photon E =  ℎ𝜈;       𝛦 =   ℎ. 𝑐 / 𝜆 
Prohibited bandwidth 𝐸𝑔 =  𝐸𝑐 −  𝐸𝑣. 
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i. Silicon solar panels  
Most solar panels are made of silicon (Si). This material belongs to group IVA of the periodic 
table and consists of fourteen negatively charged electrons surrounding a nucleus of fourteen 
positively charged protons and fourteen electrically neutral neutrons.  
According to the electronic configuration of Silicon (1𝑠2 2𝑠22𝑝2 3𝑠2 3𝑝2 ), only the four 
exteriors electrons (visualized in the valence layer) have available for the chemical bond. 
Silicon: (1𝑠2 2𝑠22𝑝2 𝟑𝒔𝟐 𝟑𝒑𝟐 ) = 4 valence electrons 
The atom of Si has 2 electrons in the orbital s and 2 others in the orbital p, thus a rearrangement 
of the orbitals in order to be able to accommodate in an identical way the atoms is necessary, 
this recombination is called hybridization (𝑠𝑝). 




The formation of covalent bonds between two Si atoms, where the electrons are shared equally 
by the atoms involved is susceptible to form a silicon crystal. 
             
Figure 2.3: Representation of covalent bonds in a silicon crystal lattice. 
At temperature conditions close to absolute zero, the electrons remain in their bonding 
positions and the silicon crystal behaves like a real electrical insulator. For a photovoltaic 
application comes the need for doping of this material to make it more active. In silicon, the 
energy of the covalent bond is of the order of 1.1 electron volts which correspond to that of a 
photon in the near infrared of the electromagnetic spectrum.  
ii. Pentavalent doped semiconductor (n-type) 
N-type semiconductors are formed by doping pentavalent materials in the structure of pure 
silicon semiconductors (𝑆𝑖) in order to change the electrical characteristics of the crystal. The 
next element of silicon in the periodic table is phosphorus; this element presents fifteen 
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electrons and fifteen protons whose five electrons in the valence layer. Therefore, the 
availability of 5 electrons to form chemical bonds gives phosphorus its distinct chemical 
properties. The pentavalent doping phosphorus atoms share the four valence electrons in 
covalent bonds with four neighboring silicon atoms. The fifth electron of the phosphorus atom 
is relatively loosely bound with its parent atom. Thus, at room temperature, the presence of the 
thermal energy of the crystal is capable of separating these fifth electrons from their parent 
phosphorus atom and releasing them to move freely around the crystal. These free electrons 
have no incomplete covalent bond or hole in the crystal which makes them always ready to 
conduct the current in the semiconductor. Subsequently, the stationary phosphorus atom now 
exhibits a positive electric charge due to the dissociation of the fifth electron. The said atom 
gives the semiconductor the name of the n-type or negative-type semiconductor as much as it 
is doped by the donor impurities. 
 
Figure 2.4: 𝑛 −type semiconductor 
iii. Trivalent doped semiconductor (p-type) 
The opposite type (p-type) of semiconductor can be created by doping trivalent impurity atoms 
such as boron (𝐵). In this case, some atoms in the pure silicon structure will be replaced by the 
boron atom that is to say substitution with boron. Boron with five protons and five electrons 
including three electrons in the valence layer, it can form only three covalent bonds. In another 
meaning, to create three complete covalent bonds the association of three valence atoms of a 
boron atom is done with a valence electron of three neighboring silicon atoms. This implies 
that there will be one silicon atom for each boron atom where the fourth valence electron 
remains unpaired. Therefore, this incomplete bond generates the formation of a hole and always 
attracts the electron to fulfil this lack, implying that the crystal remains unstable, a large number 
of covalent bonds are continuously broken to complete other incomplete covalent bonds and a 
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hole seems to disappear from another neighboring hole. The hole created within the structure 
behaves like a positive charge and as each of the holes can accept an electron the material 
obtained is called p-type silicon or positive-type semiconductor. 
 
Figure 2.5: 𝑝 −type semiconductor 
iv. P-N Junction formation 
The junction p-n is formed when the two types of semiconductors with excess of electrons and 
excess of holes which corresponds to the type n and p respectively are brought into contact 
with each other. When that is realized, free electrons close to the contact surface of the n-type 
semiconductor get many adjacent holes of p-type material. Thus, free electrons near its contact 
surface jump to adjacent holes of p-type material to recombine. This change between electrons 
hole does not only concern the free electrons but also the electrons in the valence layer. 
Consequently, after a few moments, there will be the formation of a negative charge layer 
(excess of electrons) and a positive charge layer (positive ions) in the p-type and n-type 
semiconductors respectively along the contact surface. Therefore, due to the positive and 
negative charge layer, there will be an electric field when superimposing P-N doped layers 
[11]. Photons of solar radiation whose energy is greater than the width of the forbidden band 
are able to be absorbed. By accepting the energy of the photons, the electrons of the valence 
band of the semiconductors pass into the conduction band, their absence in the valence band 
are shaped by a hole and thus create electron-hole pairs. The displacement of the charge carriers 
towards the zone n for the electrons and towards the zone p for the holes is spontaneously 
creating a depletion zone. The peculiarity of this zone, which neglects the tendency of the 
electrons to recombine with the holes, obliges the electrons to go through an external circuit to 
join the holes while the flow of electrons is only possible in one direction and holes in the 
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opposite direction to the electrons. This phenomenon generates a continuous electric current 
called photocurrent [12].  
 
Figure 2.6: Functionality of the P-N junction 
2.2.4 Characterization of photovoltaic cells 
i. Characteristic Current / Voltage 
The electrical power delivered by a photovoltaic cell which thus directly converts a portion of 
the light energy into electrical energy is the product of the voltage by the current it generates. 
The operation of solar cells as an electric dipole gives them access to be defined by their own 
current-voltage graph (curve 𝐼𝑉) it’s the variation of the current as a function of the voltage, as 
well as the superposition of the latter in conditions of darkness and illumination defined the 
curve 𝐼𝑉 for photovoltaic device. 
 
Figure 2.7: Characteristic current voltage (𝐼𝑉) of a solar cell, under dark and illumination 
ii. Short circuit current 
This is the current obtained at short-circuit expressed in 𝑚𝐴, it presents the value of the current 
which passes through the photovoltaic cell under the light when the voltage at its terminals is 
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zero (𝑉 = 0). So, the electrical power provided by the cell is also zero. The short-circuit current 
mainly depends on the mobility of the charge carriers and the temperature. Their value 
increases linearly with the illumination intensity. 
iii. Open circuit voltage  
The measured voltage when no current flows in the cell (𝐼 = 0) determines the open circuit 
voltage, it is expressed in volts. This voltage depends to the type of solar cell (particularly the 
p-n junction, the Schottky junction), active layer materials, the HOMO level of the donor 
(Highest Occupied Molecular Orbital) and the LUMO level of the acceptor (Lowest 
Unoccupied Molecular Orbital). Additionally, it varies little with intensity light and decreases 
with temperature [13–15]. The open circuit voltage is defined by equation 2.1 for which the 







+ 1)                                                          (2.1) 
𝐼0 = diode saturation current  
 
 
Figure 2.8: 𝑉𝑜𝑐 and 𝐼𝑠𝑐 representation in 𝐼𝑉 cure 
iv. Fill factor FF 
The current-voltage characteristic of a photovoltaic cell highlights a Maximum Power Point 
MPP, which defines the product of the maximum voltage 𝑉𝑚𝑎𝑥  and the maximum current 𝐼𝑚𝑎𝑥 
delivered by the photovoltaic cell. The ratio of the maximum power 𝑃𝑚𝑎𝑥to the product open-
circuit voltage and short-circuit current set the form factor [15,16]. Noting that this parameter 
qualifies the quality of the PV cell, so the efficiency of the solar cell is obtained as follows: 
𝐹𝐹 =  
𝑃𝑚𝑎𝑥
𝑉𝑜𝑐 𝐼𝑠𝑐
   =        𝑉𝑚𝑎𝑥 .
𝐼𝑚𝑎𝑥
𝑉𝑜𝑐 𝐼𝑠𝑐
                                                 (2.2) 
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v. Energy conversion efficiency 
The energy conversion efficiency is defined by the ratio between the maximum power 




    =
𝐼𝑀 . 𝑉𝑀
𝑃𝑜
    = 𝐹𝐹 .  
𝐼𝑐𝑐 . 𝑉𝑐𝑜
𝑃𝑜
                                            (2.3) 
vi. External quantum efficiency 
The external quantum efficiency EQE or Incident Photon to Current conversion Efficiency 
IPCE is introduced to detail the characteristics of the form factor and the yield as a function of 
the wavelength. EQE is defined by the ratio of the number of electrons circulating in the 
external circuit connected to the cell, on the number of photons incident on the surface.  
2.2.5 Electrical modeling of a photovoltaic cell 
The creation of an equivalent model of a solar cell on the electrical plane is useful to understand 
the behavior of the latter. As mentioned previously, when exposing solar cells to light a photo 
current proportional to solar radiation is generated, the necessity of recombination of the 
electrons with the holes reinforces them passing through an external circuit. Then, a photo 
tension is generated according to the electrons that are delivered under the voltage created in 
the PN junction. Whilst the product of these two processes is the electrical power. In darkness, 
the device of solar cell is not active at this time and therefore functions as a diode. So, the ideal 
model for solar cell consists of a constant current source and a single diode connected in 
parallel, the configuration is shown in Figure 2.9. The addition of two resistors to this model, 
one in parallel and the other in series to represent the losses indicate the most popular equivalent 
circuit to a solar cell [18,19]. Figure 2.10 shows the equivalent circuit of solar panel.   
 
Figure 2.9: Ideal model of solar cell 
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Figure 2.10: Equivalent circuit of a solar panel 
At this point, the output current I defined by I-V characteristics in the case of ideal model solar 
cell is given by this relation.  
𝐼 = 𝐼𝑝𝑣 − 𝐼𝐷                                                                         (2.4) 
Where, Ipv is the photocurrent delivered by the constant current source,  ID is the reverse 
saturation current corresponding to the diode 
Whereas nothing is ideal, so in the case of equivalent circuit of solar panels the integration of 
the shunt resistance current Ish becomes necessary.  
Thus, the output current of the solar panel will be the difference of the current. 
𝐼 = 𝐼𝑝𝑣 − 𝐼𝐷 − 𝐼𝑆𝐻                                                                (2.5) 
According to Shockley equation and Ohm's law, the current diverted through the diode and the 
current derived through the shunt resistor will be respectively given by the following equations:  
𝐼𝐷 = 𝐼0 [𝑒𝑥𝑝 (
𝑞𝑉
𝑚𝑘𝑇




                                                                      (2.7) 
Where, I0 is the diode reverse bias saturation current, q is the electron charge, K is the 
Boltzmann’s constant (1.381 10-23 Joules/Kelvin), T the cell temperature, m is the diode 
ideality factor, 𝑉 is the voltage across the parallel resistor and 𝑅𝑆𝐻 is the shunt resistor.  
Therefore, the output current 𝐼 for the equivalent circuit of solar panel will be done by the 
equation follow  
𝐼 = 𝐼𝑝𝑣 − 𝐼0 [𝑒𝑥𝑝 (
𝑞(𝑉𝑎 + 𝐼𝑅𝑆)
𝑚𝑘𝑇
) − 1] −
𝑉𝑎 + 𝐼𝑅𝑆
𝑅𝑆𝐻
                        (2.8) 
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Whilst that the voltage 𝑉 across the parallel resistor and the diode covers the voltage across the 
output 𝑉𝑎 and the voltage across the series resistor 𝐼𝑅𝑆 
2.2.6 Generation / Materials for photovoltaic conversion 
The necessary energy to produce of solar cells is important, while the energy produced by the 
panel during the entire period of its operation largely reimburses this energy. To collect this 
energy we estimate an operation of 2 or 3 years depending on the technology of manufacturing 
with an expected service life of 30 years. Solar cells are generally classified into three 
generations as a function of time and the categories of materials used in their manufacture [20]. 
i. First generation  
The first generation of solar cells is known by silicon. They present the earliest and the most 
common solar cells marketed about 80% of the solar panels. This success is due to the 
abundance of the silicon element that comes right behind the presence of oxygen and the 
mastering of the process of fabrication. The classification of silicon solar cells depends on the 
manufacturing method of platelets (Wafers). There are two distinct categories; during the 
cooling of the molten silicon; the formation of a single large crystal or of several crystals 
defines the monocrystalline or polycrystalline silicon respectively. Monocrystalline cells 
consisting of very pure crystals are obtained by strict and progressive control of the silicon 
cooling system. These cells are known by their best performance due to the excellent crystalline 
and electronic qualities [21,22]. Furthermore, the lifetimes of these devices are quite important 
and can reach 30 years, which softens their high cost. On the other side, the high manufacturing 
cost and sometimes the limit of availability of these cells directs the research towards a more 
simplified method of crystallogenesis. The cooling of molten silicon in flat-bottom 
parallelepiped crucibles produces polycrystalline cells whose crystals are oriented irregularly. 
These types of cells are the most used because of the performance / price ratio more interesting.  
ii. Second generation  
However, with a view to reducing manufacturing costs, reducing thickness, as well as using 
high materials, a new generation of photovoltaic solar cells has emerged. A second generation 
that makes it easy for manufacturers to create very flexible, light and easy-to-install 
photovoltaic panels. Amorphous and nanocrystal silicon (𝑎 − 𝑆𝑖 and 𝑛𝑐 − 𝑆𝑖) based thin films 
solar cells, Cadmium Telluride/Cadmium Sulfide (𝐶𝑑𝑇𝑒/𝐶𝑑𝑆) solar cells, Copper-Indium-
Selenide (CIS) and Copper-Indium-Gallium-Diselenide (𝐶𝐼𝐺𝑆) solar cells representing this 
generation [23,24]. The second generation of solar panels is specified by possibility to be 
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growth on flexible substrates and on large area. Though, wafer based solar cell cannot be 
produced on its dimensions. Furthermore, their costs are also less, and they present an aesthetic 
visual than the first generation. For this category of solar cells, 𝐶𝐼𝐺𝑆 present the highest 
efficiencies of thin film cells at 21.6% followed by 𝐶𝑑𝑇𝑒 cells by an efficiency of 21.4%a and 
the a-Si as last ranking. As much as these materials were introduced as a response to high 
material usage and cost of silicon solar cell, their use presents some drawbacks such as the 
environment contamination, rarity, toxicity and the high cost of some components (essentially 
Indium and Cadmium) [25]. In addition, the performances of these solar cells remain lower 
than those of the first generation.  
iii. Third generation  
Along with these two generations, there are promising new technologies that most of the cells 
are not yet commercially proven it is the 3rd generation of solar cells. Research today tends 
towards the easiest process of fabrication with a low temperature technology. This generation 
of solar cells is intended to solve the disadvantages of the other two first. It consists of looking 
for a high efficiency and low cost. The third generation solar cells includes four types, the 
organic solar cells, quantum dot-sensitized solar cells (𝑄𝐷𝑆𝑆𝐶𝑠), dye sensitized solar cells 
(𝐷𝑆𝑆𝐶𝑠) and hybrid perovskite solar cells [26]. These last two types have been made an 
excellent progress in these last years. In the first case, the organic solar cells (𝑂𝑆𝐶𝑠) used 
usually a polymer as a semi-conductor. This solar cells (𝑂𝑆𝐶𝑠) is distinguished by the thin 
thickness (around 100-200nm), the partial transparency of the photoactive layer and the 
flexibility of the active layer which makes them ideal to be applied on flexible devices [27]. 
For the (𝑄𝐷𝑆𝑆𝐶𝑠) or super lattice technologies, the mastery of the area where sunshine is very 
important and focusing the concentrated light on the cell gives the susceptibility to be used in 
concentrated PV technologies. The (𝐷𝑆𝑆𝐶𝑠), presents a good plasticity, transparency and a 
sample fabrication procedure. The gaps that the loss of electrons must be controlled during the 
excitation state and draw an appropriate architecture to maximize photon absorption for high 
efficiency graphene-𝑇𝑖𝑂2 nanocomposites [28]. Besides, recent research focuses on the new 
technology, perovskite solar cells (𝑃𝑆𝐶𝑠). Detailing the material development, the organic 
inorganic (PSCs) achieve remarkable efficiency in small period. Nowadays, the applications 
are starting to make their way out of research laboratories into the real world working on device 
stability and reliability. Oxford PV and The U.K. renewables technology developer released a 
certified power conversion efficiency of 28.0% been generated by a monolithic solar cell in 
tandem perovskite / silicon [29]. 
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These three generations are gathered in Figure 2.11 which presents the different types of solar 
cell technologies 
 
Figure 2.11: Different types of solar cell technologies and current development trends [30] 
2.2.7 Importance and benefits of solar photovoltaic energy 
Far from the burning of fossil fuels and gas emissions appears solar radiation continuously. 
The sun produces much more energy than we can consume, the number is 10,000 times global 
energy consumption. Solar energy presents a lot of advantages: 
i. It is a clean energy; it does not pose any risk to the environment. 
ii. Renewable source available, when we use solar energy to produce electricity we do not 
deplete or alter the resource. 
iii. Solar panels last about 25 years with low maintenance almost negligible and occasional 
cleaning. 
iv. The production of solar cells can be made to any dimension and shapes according to 
the energy needs. 
v. The constituent components of solar cells such as silicon, glass faces and aluminum 
frames are recyclable, namely recover and reuse. 
vi. Electricity production in a direct way due to the photoelectric phenomenon of 
photovoltaic panels. 
vii. Photovoltaic cells do not require any movement, which explains the rarity of 
breakdowns and wear compared to other systems. 
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viii. The solar panels can be fixed on the ground or on the roofs for maximum exposure to 
the sun without any interference with the residential lifestyle. 
The high cost of manufacturing solar panels limits their use for large scale electricity 
generation. It is therefore useful to think of cheaper processes such as the use of new materials 
that include organic materials [31]. 
2.2.8 Current research: While respecting the environment, the production of energy 
can be at low cost?  
The weight, the high price and the rigidity of silicon solar cells push researchers to find other 
solutions for solar radiation absorption. These limiting factors give rise to thin-layer cells, so 
named because their absorption zone is only a few micrometers thick. The so-called thin-film 
photovoltaic cells are of great interest given their optoelectrical properties for the absorption 
of light while it arrives in the second generation of solar cells after silicon. The interest of using 
much finer absorber materials about 2 microns thick classifies the thin layers in 𝐶𝐼𝐺𝑆 and 𝐶𝑑𝑇𝑒 
according to the most eminently used materials today. But because of the rarity and the high 
price of indium (𝐼𝑛) and tellurium (𝑇𝑒) elements as well as the toxicity of cadmium, can 
constitute a brake for this sector. Figure 2.12 illustrate the reserves and the costs of the various 
constituent elements of the absorber semiconductor materials used in the 𝐶𝐼𝐺𝑆, 𝐶𝑑𝑇𝑒 and 
𝐶𝑍𝑇𝑆 thin-film sectors [32]. On the other hand, the 𝐶𝑍𝑇𝑆-based photovoltaic (𝑃𝑉) sector has 
recently taken a renewed interest [33]. The abundance, the low cost and the non-toxicity of the 
elements constituting this material are motivating elements making the 𝐶𝑍𝑇𝑆 compound, a 
future absorber for the elaboration of solar cells. 
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Figure 2.12: Content and the world trading price of the elements used in light absorbers 
𝐶𝑑𝑇𝑒, 𝐶𝑢𝐼𝑛𝑆𝑒2 and 𝐶𝑢2𝑍𝑛𝑆𝑛𝑆4 for thin film solar cells . 
According to the interest of the development of solar cells at low cost while respecting the 
environment, we will present in the following part of chapter the fundamental properties of 
𝐶𝑍𝑇𝑆 absorber material, as well as the main production techniques used for its manufacturing.  
2.3 Kesterite Solar Cells 
Photovoltaic conversion requires the use of a photoconductive layer, called absorbent layer, 
which transforms light radiation into electron-hole pairs. Subsequently, these carriers created 
are collected by making a junction on the surface of this absorbent layer. The 𝐶𝑍𝑇𝑆 
(𝐶𝑢2𝑍𝑛𝑆𝑛𝑆4) active layer is a quaternary semiconductor of 𝐼2 − 𝐼𝐼 − 𝐼𝑉 − 𝑉𝐼4 type, [34] 
composed of the metallic elements copper (𝐶𝑢), zinc (𝑍𝑛), tin (𝑆𝑛) and sulfur (𝑆) that 
introduce the advantage of use only non-toxic and abundant materials [35]. These elements are 
widely present in the earth's crust, especially in comparison to the indium and gallium 
compounds that form the 𝐶𝐼𝐺𝑆. The metallic chalcogenide 𝐶𝑍𝑇𝑆 is a new type of absorber for 
thin film solar cells, allowing full registration in a dimension of sustainable technology. 𝐶𝑍𝑇𝑆-
based technology uses materials that avoid heavy metals and are readily available at a lower 
cost. Under these materials, the goal is to create the next generation of solar technology that 
lowers the cost of photovoltaic electricity production.  
2.3.1 Crystal structure of 𝑪𝒁𝑻𝑺 
Silicon is part of the 4th column of the periodic table which is generally the simplest 
semiconductor. This compound has 4 valence electrons, each atom of which is surrounded by 
four neighbors located in the corners of a regular tetrahedron. This explains why they 
crystallize in the diamond mesh. This structure forms the source of a family of structures based 
on the location of atoms on two substructures. Figure 2.13 shows a wide range of structures 
that can be derived [36].  
The quaternary 𝐶𝑢2𝑍𝑛𝑆𝑛(𝑆, 𝑆𝑒)4 composites are 𝐼2 − 𝐼𝐼 − 𝐼𝑉 − 𝑉𝐼4 semiconductors. They are 
derived from 𝐶𝑢𝐼𝑛𝑆𝑒2 (𝐶𝐼𝑆) structure of chalcopyrite by isoelectronic replacement of indium 
atoms by an equal number of zinc and tin atoms, that is to say, the atom of group 𝐼𝐼𝐼 is replaced 
by two atoms of groups 𝐼𝐼 and 𝐼𝑉. This last structure is itself derived from the structure of 
𝐶𝑑𝑇𝑒 in which the atoms of group 𝐼𝐼 are replaced by atoms of group 𝐼 and 𝐼𝐼𝐼 which give a 
structure of the type: 𝐼 − 𝐼𝐼𝐼 − 𝑉𝐼2. According to the symmetry, the 𝐶𝑍𝑇𝑆 and CZTSe 
compounds crystallize in two tetragonal structures: kesterite and stannite [37]. Figure 2.14 
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illustrates the two crystalline structures where the anions in its two structures follow a compact 
cubic type arrangement and the cations occupy half of the tetrahedral sites, while the position 
of the anions can be occupied by sulfur S or Selenium Se according to the desired structure 
𝐶𝑍𝑇𝑆 or 𝐶𝑍𝑇𝑆𝑒 respectively. Owing to the positioning of atoms we can distinguish between 
the stannite with the space group I42m and the kesterite structure with I4 as the space group.  
 
Figure 2.13: representative diagram of the different compounds possible by the substitution 
of the diamond mesh 
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Figure 2.14: Crystal structure of the quaternaries 𝐶𝑢2𝑍𝑛𝑆𝑛𝑆4  
The stannite structure differs from the Kësterite only by the positioning of Cu+ and Zn+2 ions, 
as well as the Sn4+ cations keep the same position in 2𝑏(0,0,1/2)  in the two structures [38]. 
Whilst the kesterite structure shows a stack of the type (− [𝐶𝑢𝑆𝑛]  −  [𝐶𝑢𝑍𝑛]  − [𝐶𝑢𝑆𝑛]  −
 [𝐶𝑢𝑍𝑛] −) allowing the copper atoms to occupy positions 2𝑎(0,0,0) and 2𝑑(0 ,1/2 ,3/4) and 
at zinc atoms positions 2𝑐(0, 1/2 , 1/4), the stannite structure has ZnS and Cu2 layers which 
alternate with each other the stannite structure has mutually alternating ZnS and Cu2 layers 
whose copper atoms are positioned in 4d(0, 1/2 , 1/4) and those of Zinc in 2𝑎(0,0,0). The cation 
stacking sequences on the c axis differ from these two structures as well as their formation 
energies differ very little (about 3𝑚𝑒𝑉 per atom), so we can have both types of structures in a 
material. While the kesterite structure has the lowest energy so it would be the most stable [39].  
The atoms and their positions for the two structures, kesterite and stannite are respectively 
presented in the Table 2.1. For the sulfur atom (S) it occupies half of the tetrahedral sites. Their 
parameters of the conventional mesh are 𝑎 = 5.44Å, 𝑐 = 10.88Å for kesterite and 𝑎 = 5.44Å, 
𝑐 = 10.75Å for stannite [40]. 
Table 2.1 : The positioning of the atom’s constituent the compound 𝐶𝑍𝑇𝑆 
Kesterite (I-4) Stannite (I-42m) 
Atomes Sites Positions Atomes Sites Positions 
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Cu 2a (0, 0, 0) Cu 4d (0, 0.5, 0.25) 
Cu 2c (0, 0.5, 0.25) Sn 2b (0.5, 0.5, 0) 
Zn 2d (0.5, 0, 0.25) Zn 2a (0, 0, 0) 
Sn 2b (0.5, 0.5, 0) S 8i (x, y, z) 
S 8g (x, y, z)    
2.3.2 Electrical properties 
The electrical behavior of semiconductors is generally modeled, the result characteristics for 
the movements of charge carriers under the effect of an electric or magnetic field (electrical 
conductivity, Hall effect, photoconductivity, etc.), designates the main electrical characteristics 
of this type of material. Generally, the composition of conventional photovoltaic materials, in 
particular, silicon often proceeds voluntarily to the n and p doping of these semiconductors to 
form the p-n junction. Contrariwise, the semi-conductor 𝐶𝑍𝑇𝑆 present 𝑝 −type conduction 
[41]. Its residual doping is intrinsic and inherent in the crystalline defects of the material. The 
impurities or defects in the crystal lattice cause charge carriers to collide with the ions. While 
the average free path, which characterizes the average distance traveled by an electron between 
two successive shocks, is an important parameter specific to the structural state of the material 
[42]. In multi-component systems the control of doping also affects the concentration of native 
defects and stoichiometry, inadequate stoichiometry causes secondary phase segregation [43]. 
More specifically, a low copper rate with an excess of zinc and tin are found to be beneficial 
for improving electrical performance. Noting that, the resistivity of the films decreases with an 
increase in the amount of copper in the precursor solution, this implies that films with low 
resistivity are not suitable for manufacturing solar cells. Whereas, zinc deficiency is favorable 
for segregation of conductive phases, 𝐶𝑢𝑥𝑆 and 𝐶𝑇𝑆 (𝐶𝑢2𝑆𝑛𝑆3), causing short circuits in the 
cell [44,45]. In fact, the doping of the material 𝐶𝑍𝑇𝑆 occurs by internal faults; Cu atoms placed 
on atoms of 𝑍𝑛 (𝐶𝑢 atoms, sitting on the places of 𝑍𝑛 atoms) cause 𝑝 conductivity [46]. The 
literature has shown that the composition of the 𝐶𝑍𝑇𝑆 layers, as well as the techniques for their 
development, influence the electrical conductivity and carrier mobility values. The large 
population of intrinsic defects can cause high concentrations of carriers in samples, which leads 
to a change in conductivity [47].  
2.3.3 Optical properties  
The kesterite compounds meet the main requirements in order to compete with the more 
established ones thin-film technologies. The principle of the absorption process in 
semiconductors depends on the energy incident photons and the band structure of the 
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compound. The optic absorption threshold is characterized by the minimum energy of the 
photon which is capable of achieving the transition of an energy electron 𝐸1 from the valence 
band towards the conduction band under the existence of an energy level 𝐸2 such that: 
𝐸2 –  𝐸1  =  ℎ𝜐. The valence electrons, the free charge carriers (electrons or holes) and the 
electrons linked to impurities or to crystal defects can participate in the absorption processes at 
low energy values, on the other hand the electrons strongly linked to the crystal lattice (deep 
layer electrons) requires higher values [48]. 
Many authors have done studies on the optical properties of thin films. The properties of having 
high optical absorption coefficients (>  104 𝑐𝑚−1), allowing to absorb the light with a few 
microns thin layers, as well as, the direct bandgaps (1.0 eV for 𝐶𝑍𝑇𝑆𝑒  [49,50] , 1.5 eV for 
𝐶𝑍𝑇𝑆 [51–53])close to the ideal value for single-junction solar cells makes 𝐶𝑍𝑇𝑆 a promising 
material for photovoltaic applications [54]. The gap energy is determined by several 
characterization techniques, namely transmission and reflection spectra, electro-reflectance 
and photoluminescence [55]. The transitions between energy bands can be described by the 
following relation:  
(𝛼ℎ𝜐) = 𝐴(ℎ𝜐 − 𝐸𝑔)𝑛                                                    (2.9) 
Where hυ is the energy of the incident radiation, A is a constant and n = 1/2, 3/2 or 2, depending 
the nature of optical transition: direct transition allowed, direct transition prohibited, and 
indirect transition allowed respectively. 
2.3.4 Kesterite based cell 
The solar cell device structure consists of a p-type and n-type materials to create the p-n 
junction, back and front contacts to collect the current.  
In its most widespread configuration given in Figure 2.15, 𝐶𝑍𝑇𝑆 cell is formed by a stack of 
several thin film materials deposited successively. A substrate generally in a glass covered by 
a thin layer in Mo or 𝐼𝑇𝑂 or else 𝐹𝑇𝑂. This layer constitutes the rear ohmic contact of the cell, 
it ensures the adhesion between the active layer of the cell (the absorbent layer) and the 
substrate. On it, the most important layer in the photovoltaic cell is the absorbent layer, in our 
case 𝐶𝑢2𝑍𝑛𝑆𝑛𝑆4. 𝐶𝑍𝑇𝑆 absorbent layer (i.e. the area where the hole-electron pairs are 
generated under illumination) sees its presence. This layer contains an absorbent composed of 
copper, zinc, tin, and sulfur under p-type doping and with a thickness of a few micrometers. 
The absorber layer can be grown using vacuum and non-vacuum techniques in one-step or two-
step processes [56]. In one-step processes, all elements are incorporated simultaneously, while 
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for two-step processes, the elements are first deposited at ambient or near-ambient temperature, 
followed by an annealing step. This last process allows the use of fast and low-cost techniques 
for precursor deposition. To form the first part of the 𝑝 − 𝑛 heterojunction the absorbent layer 
must be covered with a material of type n. The buffer layer or alternatively the lightly doped n 
layer is generally formed by cadmium sulfide (𝐶𝑑𝑆) and this one presents the most promising 
buffer layer for 𝐶𝑍𝑇𝑆/𝐶𝑑𝑆 heterojunctions [57]. In this regard, the buffer layer must have a 
prohibited bandwidth (𝐸𝑔 (𝐶𝑑𝑆)  >  𝐸𝑔 (𝐶𝑍𝑇𝑆) and a higher carrier density than the absorber 
so that the incident photons can reach the absorber and the space charge extends deep into the 
absorber. Subsequently, there is a window layer known by its transparency to incident radiation 
which gives it a role quite important role to improve the energy conversion efficiency of solar 
cells [58]. The window layer itself usually consists of three thin, transparent layers with 
different electrical/optical properties. Generally, there is first a high intrinsic 𝑍𝑛𝑂 layer of some 
nanometer non-conductive, to prevent leakage current between the absorbent layer and the 
upper contact. Then a layer of zinc oxide doped aluminum, conductive and strongly doped 𝑁 
to recover the electrons. Finally, Ohmic contact, such as a 𝑁𝑖 / 𝐴𝑙 grid, can be added to collect 
current more efficiently.  
 
Figure 2.15: Standard structure of a 𝐶𝑍𝑇𝑆-based solar cell. 
2.4 Techniques of elaboration 
The choice of a thin layer deposition technique involves several factors such as, the nature of 
the materials to be deposited, the desired thickness of the deposit, the shape of the substrate, 
etc. In recent years, dramatic improvements in the performance of kesterite devices have been 
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produced by a number of different techniques. As research on kesterite continues, development 
techniques can be separated into two main categories of techniques, vacuum and non-vacuum 
deposition methods in one-step or two-step processes. In one-step processes, all elements are 
incorporated simultaneously, while for two-step processes, the elements are first deposited at 
ambient or near-ambient temperature, followed by an annealing step. The kesterite can be 
incorporated into the precursor or during the annealing step. 
2.4.1 Sputtering 
The sputtering is an industry compatible and relatively low-cost vacuum deposition technique. 
The sputtering technique can be used to deposit 𝐶𝑍𝑇𝑆 layers on large surfaces with a high 
deposition rate and reproducibility of the process [59]. Ito and Nakazawa [60] are the first who 
prepared 𝐶𝑍𝑇𝑆 thin layers by this method. The basic principle of sputtering is to bombard a 
target (cathode) using a neutral gas (usually argon) to atomize the atoms constituting the target. 
These ejected particles are not in their thermodynamic equilibrium state and thus deposit on a 
substrate placed in the chamber. the presence of the substrate as much as the anode and the 
target under a voltage of some 𝐾𝑣 applied between these two terminals, causes an electric 
discharge in the gas under low pressure (10 𝑡𝑜 500 𝑚𝑡𝑜𝑟𝑟). The target can be a simple element 
or a compound. There are different types cathode sputtering systems [61], depending on the 
mode of plasma creation or the nature of the target (conductive or insulating): direct current 
diode, direct current triode, or high frequency. 
The layers of 𝐶𝑍𝑇𝑆 prepared by this method exhibited varying resistivity with the deposition 
parameters such as the potential applied to the substrate, the deposition rate, the argon pressure 
and frequency. Sputtering deposition of 𝐶𝑍𝑇𝑆 layer using single-phase 𝐶𝑍𝑇𝑆 target offers the 
advantages of uniform composition, smooth surface morphology and relatively simple process 
[62].  
2.4.2 Pulsed laser deposition (PLD) 
Pulsed laser deposition is a physical deposition technique based on the laser ablation of a target 
placed in a room with a controlled atmosphere (under ultra-vacuum). The interaction between 
the laser and the target leads to an ejection of matter formed by the atoms, ions or even by 
aggregates. This means that, the energy being supplied by the impact of a high intensity laser 
beam sent to a target made of material that we want to deposit, produces an ablated material 
which condenses on a substrate placed in front of the target [63]. This technique involves the 
ablation of a target and allows obtaining crystalline high-quality materials. The laser ablation 
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deposition technique has great versatility thus offering the possibility of varying several 
parameters (substrate temperature, nature and pressure of the gas, total number of laser pulses, 
…) to reach the objectives [64,65]. The major factor limiting the use of the laser ablation 
deposition technique for applications industrial is the ejection of microparticles that come from 
the target when the laser is absorbed under the surface layer. 
2.4.3 Thermal evaporation 
Vacuum evaporation is based on a thermal principle grounded on two elementary processes. 
First, a heating which allows the material to reach its melting point, then, in a second time, its 
vaporization point. Then, this first process is followed by the solid-state condensation of the 
material evaporated on the substrate to be covered. The vaporization of the source material can 
be generated by Joule effect, by induction or by using an intense and energetic electron beam. 
As well as the depositions are carried out under high vacuum in order to impart high purity to 
the layers [66,67]. Thermal evaporation is a particularly popular method but the main 
weaknesses of this technique are, the need to use sufficient power to vaporize the most 
refractory compounds, and the deposition of alloys may be disturbed if the different compounds 
have very different melting temperatures and / or saturation vapor pressures. 
2.4.4 Spray pyrolysis  
Spray pyrolysis is a treatment technique used, in the research, to prepare thin and thick layers, 
ceramic coatings and even powders. The general principle of spray pyrolysis is based on 
spraying a solution of different reactive compounds using an atomizer on a heated substrate. A 
good understanding of the process of, the atomization of the precursor solution, transport and 
evaporation of droplets, diffusion on the substrate and drying are the key to improving the 
quality of thin layers [68]. The impact of the droplets on the substrate leads to the formation of 
a disc-like structure which undergoes thermal decomposition. The formation and size of the 
disc depends on the volume of the droplet, the temperature of the substrate. However, 
regulating the temperature of the substrate is important, this allows the activation of the 
chemical reaction between the compounds. Thus, the type of atomizer can be affected by 
variations in liquid properties and operating conditions. In particular, air jet, ultrasonic and 
electrostatic atomizers are the most used in the deposition of thin layers by the pyrolysis spray 
technique [69]. The first synthesis using this method showed a crystallization of 𝐶𝑢2𝑍𝑛𝑆𝑛𝑆4 
in its stannite form [70]. Then, optimization studies on the deposition time, the nature of the 
precursors, the temperature of the substrate, etc. Contributed to synthesize the Kesterite phase 
[71]. 
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2.4.5 Sol-gel depot 
The basic idea of the sol-gel process consists in hydrolyzing a precursor of the solution, by dint 
of the humidity of the air, in order to obtain a sol (suspension of small macromolecules of size 
less than 10 nm). Thus, the gel (amorphous elastoplastic solid, formed by a cross-linked three-
dimensional network) is obtained by polymerization of the soil. A thermal pre-treatment for 
drying at a temperature in the region of 100°𝐶, followed by thermal annealing at an appropriate 
temperature, makes it possible to densify this gel, thus leading to a solid material. More 
specifically, we call the Sol-Gel process, any process which makes it possible to develop a 
solid, from a solution using a sol or else a gel in the intermediate stage [72]. Among the main 
factors that control this process, we can cite: the humidity and temperature of the preparation 
room, the pH of the solution, the nature of the catalyst and the concentration of the deposition 
solution [73]. 
2.4.6 Spin and Dip coating 
The need for spin-coating and dip-coating deposition techniques is combined to deposit sol-gel 
films of controlled thickness. 
The spin-coating or centrifugation consists in pouring the sol or the gel prepared by the sol-gel 
method onto a substrate rotated by a spinner. The excess liquid is ejected under the action of 
centrifugal force, and the thickness of the deposit is then a function of the speed of rotation of 
the substrate and the deposition time [74]. While, the dip-coating or quenching consists of 
dipping the substrate in the solution to be deposited and then removing it with a constant speed 
which conditions the thickness of the deposit [75,76]. 
2.4.7 Electrodeposition  
i. Principle  
The techniques which consist in obtaining by electrolytic means, on a surface conductive, one 
or more metallic coatings, composed of one or more metals fall under the Electrodeposition. 
The aim is to apply a surface layer on metal to give this surface the various properties desired 
such as corrosion resistance, optical properties, conductivity, the resistance of contact, 
hardness, ductility, resistance to wear. In addition, the electrodeposition technique offers some 
control over the morphology and metal growth phenomena. This technique is used since it is 
less expensive and can be applied to the manufacture of substrates with complex geometry.  
The principle of electrodeposition is exemplified by a redox reaction which is triggered by a 
current source. For the realization of an electrolytic deposit, the electrode to be covered is 
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placed in an electrolysis tank to act as a cathode on which the metal ions are deposited. While 
the electrolyte or the electrolytic bath which is an ionic conductor that is chosen according to 
the desired deposit containing the appropriate metal salt.  
The metal to be covered or what is called the working electrode is connected to the negative 
pole of an electricity source. Therefore, under the action of electric current, metal ions 𝑀𝑛+ 
positively charged will migrate to the cathode and this can be done by electromigration, 
convection, diffusion and other forms to get as close to the surface of the cathode for which 
follow the action of charge transfer to the surface [77]. Then the metal ion is neutralized by the 
electrons supplied by the cathode and is deposited thereon in the form of metal 𝑀 according to 
the reaction.  
𝑂𝑥 + 𝑛𝑒−  
     2     
←    
     1     
→      𝑅𝑒𝑑                                                   (2.10)    
𝑀𝑛+ + 𝑛𝑒−  
     2     
←    
     1     
→      𝑀                                                       (2.11) 
 
 
Figure 2.16: Basic steps during electrochemical growth 
ii. Thermodynamic aspect 
The reduction reaction (1) can take place when the reduction potential is lower than the 
reversible potential of the considered reaction. According to the law of Nernst, the equilibrium 
potential relative of the couple 𝑀𝑛+ / 𝑀  is associated by the following equation: 
 






 .  𝑙𝑛 (
𝑎𝑎𝑥
𝑎𝑟𝑒𝑑
)                                                 (2.12) 
Where: 
𝐸0: the standard potential of the ox / red couple (V),  
𝑅: the ideal gas constant (8.314 J.K-1.mol-1),  
𝑇: the temperature at which the reaction takes place (K),  
𝑛: the number of electrons involved, 
𝐹: The Faraday constant (96,485.338 C / mole of electrons),  
𝑎: the activity of the reagent or product (𝑎 =  𝛾 ∗ concentration [mol.l-1 ], where γ is only 
very rarely equal to one. 
At room temperature (T=25°C), RT/F = (8.314 x 298) / 96485 = 25.7 mV, and after 
transformation of "ln" into "log", hence a multiplication of the factor RT / F by "ln10", we can 
rewrite the Nernst equation in the following form, valid at 25 ° C: 
𝐸 = 𝐸0 +
0.058
𝑛
 .  𝑙𝑜𝑔 (
𝑎0𝑥
𝑎𝑅𝑒 𝑑
)                                            (2.13)  
When the metal electrode is subjected to a potential E different from the potential Eeq, we 
promote reaction either in direction (1) of reduction, or in direction (2) of oxidation [78]. As 
well as many electrochemical reactions do not necessarily occur when thermodynamically 
possible, but require energy additional that we must bring to the system to compensate for the 
slow charge transfer in order to obtain a given value of the current, this energy is called, 
overvoltage. This overvoltage is defined as the difference between the potential "E" of the 
electrode allowing the deposition of the metal and that of Nernst 𝐸𝑀𝑛+/𝑀 of the redox couples. 
This overvoltage is expressed by as follows: 
 = 𝐸 − 𝐸𝑀𝑛+/𝑀                                                                (2.14) 
iii. Electronic transfer to the semiconductor / electrolyte interface 
Remember that the electronic transfer at the interface of the semiconductors with the electrolyte 
is only an exchange of electrons between two species, i.e. a deposition-dissolution of a metal 
on a substrate rendering to the following reduction-oxidation reaction:  
𝑀𝑛+ + 𝑛𝑒−  
     2     
←    
     1     
→      𝑀                                                           (2.15) 
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The cathodic current which corresponds to a reduction reaction (1) 
𝐼𝑐  =  𝐼0 𝑒𝑥𝑝[((𝛼 − 1) 𝑍𝐹/𝑅𝑇) ]                                         (2.16) 
The anode current which corresponds to an oxidation reaction (2) 
𝐼𝑎  =  𝐼0 𝑒𝑥𝑝[((𝛼𝑍𝐹/𝑅𝑇) ]                                               (2.17) 
According to the Butler-Volmer equation, the global current (I) of the reaction is written: 
𝐼𝑎  =  𝐼0 [𝑒𝑥𝑝[((𝛼 − 1) 𝑍𝐹/𝑅𝑇) ]  −  𝑒𝑥𝑝[((𝛼𝑍𝐹/𝑅𝑇) ]]                 (2.18) 
With: 
: load transfer coefficient. 
: is the overvoltage defined by the above equation   
 = 𝐸 −  𝐸𝑀𝑛+/𝑀                                                              (2.19) 
𝐼0:  is the exchange current, it is given by the equation 2.18 
𝐼0  =  𝑍 𝐹 [𝑀
𝑛+] 𝐾0𝑟𝑒𝑑                                                        (2.20) 
𝐾0𝑟𝑒𝑑  =  𝐾0𝑒𝑥𝑝[(−𝛼 𝑍𝐹 / 𝑅𝑇) (𝐸𝑀𝑛+/𝑀  − 𝐸
0
𝑀𝑛+/𝑀)]                   (2.21)               
While 𝐾0𝑟𝑒𝑑   is the heterogeneous speed constant for a reduction in equilibrium. The value of 
the exchange current is essentially linked to that of the speed constant 𝐾0 therefore to the speed 
of electronic transfer, but also the concentration of species presents in solution. 
At thermodynamic equilibrium, the two reactions take place at the same speed so that the anode 
(from dissolution) and cathodic (deposition) current are equal to the exchange current I0 and 
the overall reaction current is zero [79]. Noting that the current cannot pass in particular through 
the interface electrode / electrolyte only in one direction, if the overvoltage is positive then the 
current is anodic, and cathodic if the overvoltage is negative. 
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This chapter deals with the deposition process used for the elaboration of 𝐶𝑍𝑇𝑆 thin layers. 
Along with characterization and the heat treatment step under argon gas.  
 
3. 1. Phase development 
Atmospheric deposition techniques are advantageous compared to vacuum techniques: the 
necessary equipment is cheaper; deposits can be made on flexible substrates and with large size 
while allowing higher production rates. the Electro-deposition process thus has the advantage 
of being implemented. This process allows the deposition of a layer on a surface by an 
electrochemical process and involves the exchange of electrons between a solid electrode and 
ions or molecules in solution. 
The electrodeposition of quaternary components is very difficult, because of the difference in 
the deposition potential of each element. And to deposit these four elements, the individual 
potentials must generally be brought together. It will be a question of understanding the 
mechanism of this technique and of optimizing the main parameters making it possible to 
obtain thin crystallized layers having good morphological and structural properties. 
3.1.1 Experimental setup used 
The electrochemical experiments are carried out on an Autolab Modular 
Potentiostat/Galvanostat controlled by a computer which records the experimental data. The 
electrochemical cell is made of PYREX glass with a capacity of 50 ml with three electrodes 
(Fig 3.1). This cell was provided with a double wall allowing the passage of water to maintain 
the cell at room temperature even with climate change. Figure 3.1 shows the mounting of the 
potentiostat apparatus. 
 
Figure 3.1 : Schematic diagram of electrochemical deposition setup 
The electrodeposition is a technique where the deposition can be done at room temperature 
which is very important. However, there are other parameters that must be controlled. 
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i. The potential or the current imposed. 
ii. The electrolytic bath (solvent, precursors and concentrations, pH, complexing agents). 
iii. The nature of the substrate (working electrode) and its surface condition. 
Deposits can be made by applying current or voltage pulses. However, as we already mentioned 
at the beginning that the deposition will be carried out by the potentiostatic mode, because in 
this case the value of the potential of the imposed electrode is linked to the reactions which are 
likely to occur. For it, we clench the chronoamperometry which is a method that consists of 
monitoring the evolution of the current when a voltage is applied to the working electrode. The 
choice of deposition potentials for the development of metallic layers by chronoamperometry 
is made from cyclic voltammetry experiments. Whereas, cyclic voltammetry is one of the most 
effective electrochemical methods for characterizing charge transfer reactions between the 
electrode and the electrolyte. It is based on the measurement of the current resulting from a 
linear potential scan. Several consecutive cycles can be executed, each one represented by a 
plot of the current recorded according to the applied potential, called voltammogram. 
In a cell with three electrode, electrochemical deposition of metals is carried out. The 
electrolytic bath is composed of Copper sulfate (CuSO4), Zinc sulfate (ZnSO4), Stannous 
sulfate (SnSO4) and Sodium thiosulfate (Na2S2O3), where Trisodium citrate (Na3C6H5O7), 
Sodium sulfate (Na2SO4) and Tartaric acid (C4H6O6) are added as complexing agents. 
3.1.2 Electrodes  
In order to ensure a chemical reaction of deposition of 𝐶𝑍𝑇𝑆 absorbent layers, the application 
of an electric current (used as a driving force) circulating in a conductive liquid (electrolyte) 
defines the principle of electrodeposition. For these three electrodes used during this work are 
the following: 
i. Reference electrode 
The reference electrode (RE) is Silver/Silver chloride saturated KCl (Ag /AgCl). All potential 
values are measured by compared to a saturated Silver/Silver chloride electrode (DHW). While 
the standard potential of this reference electrode with respect to the normal hydrogen electrode 
at 25° C is equal to 0.222 V/ENH. The reference electrode which plays the role of anode in 
electrochemical cells can maintain a constant potential by changing the experimental 
conditions.  
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ii. Auxiliary electrode 
The counter electrode is a platinum wire. This electrode is used in an electrochemical cell for 
the purpose of transporting the current passing through the cell while circulating the electrons 
for the reduction of the compounds present in solution. It is used for a voltammetry analysis. 
iii. Working electrode  
The working electrode is typically a cathode where the reduction reaction will take place.  
In order to ensure conductivity at the electrode level for electrodeposition, Different substrates 
were used, glasses coated with molybdenum (Mo), indium tin oxide (ITO) and fluorine-doped 
tin oxide (FTO). 
3.1.3 Surface preparation of substrates 
Substrate surface preparation or cleaning the substrate surfaces could be the most important 
step in reducing contamination to an acceptable level. It consists of removing all traces of 
grease and dust, to obtain good adhesion and uniformity of the deposit surface on the support. 
After cutting the substrates using a diamond-tipped pen, the chemical cleaning process is done 
according to the following steps:  
i. Cleaning the substrates with detergent.  
ii. Wash in ethanol at room temperature over 10min in an ultrasonic bath to remove traces 
of grease and impurities stuck to the surface of the substrate. 
iii. Rinsing the substrates with acetone also during 10min. The surfaces are often cleaned 
using an ultrasonic agitator. 
Noting that, between each step and another rinsing with deionized water is necessary. Then 
rinse with distilled water and dry as last step to remove all traces that could affect our 
electrochemical system. 
3. 2. Heat treatments 
The heat treatment is the last step of the electrodeposition approach carried out on samples to 
obtain well crystallized 𝐶𝑍𝑇𝑆 thin layers. Figure 3.2 shows the time diagram of heat treatment 
for 𝐶𝑍𝑇𝑆 samples. 
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Figure 3.2 : Annealing process 
 
Once dried, the samples deposited by electrodeposition in one step are followed by heat 
treatment in a tubular furnace under argon gas (𝐴𝑟). Annealing process was conducted at 
different temperature varying between 350 °C and 550 °C in a graphite box with the presence 
of some milligrams of sulfur powder (𝐻2𝑆). The duration of annealing procedure gets start 
during 30 to 45 min owing to sulfurize as-deposited 𝐶𝑍𝑇𝑆 thin films. 
 
3. 3. Characterization techniques 
A series of structural, morphological, and optical characterization was carried out by various 
characterization methods in order to extract quantitative or qualitative information about 
synthesized absorber layer.  
3.3.1 X-ray diffraction 
The X-ray diffraction technique makes it possible to know the state of crystallization of the 
deposit and to identify the crystallized phases present in a sample in the form of thin layers, 
massifs or powder. The technique of X-ray diffraction analysis is based on the elastic 
interaction of a monochromatic beam of X photons with crystallized matter. The resulting 
diffraction lead in the obtaining of a diffractometer and allows the determination of the reticular 
distances of the diffraction planes. The intensity of the beam of rays reflected by the reticular 
planes first shots of the sample are in phase and give rise to a peak on the recorded 
diffractometer. 
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Figure 3.3 : Schematic representation of the interference conditions predicted by Bragg's law. 
As shown in Figure 3.3, Bragg's law has shown that there is a simple relationship between the 
X-ray wavelength, the distance between planes and the diffraction angle. 
2𝑑ℎ𝑘𝑙 𝑠𝑖𝑛(𝜃) = 𝑛𝜆                                                               3.1 
 
Where 
𝑑ℎ𝑘𝑙 =Inter reticular distance separating plans of the same family (ℎ𝑘𝑙).  
 =  The diffraction angles 
𝑛 = The order of reflection in the family of parallel planes (ℎ𝑘𝑙), positive integer. 
 = Radiation wavelength of the incident X-ray beam ( = 1.5418 Ǻ corresponding to the Kα 
lines of the copper). 
The intensity of diffracted radiation and the angular position for which a plane (hkl) checked 
Bragg's law are revealed by the detector which goes to a computer giving a diffractogram which 
represents the evolution of the diffracted intensity as a function of the angular position (2). 
The X-ray source consists of a sealed copper anticathode tube (λ = 1.5428Å), coupled to a 
graphite rear monochromator to filter the Kβ line of copper and possibly the sample 
fluorescence. The scanning is 20-60° (2θ) and the scanning step is 0.02. The identification of 
crystalline compounds is based on the comparison of the experimental values of the reticular 
distances with the data from the literature. A Rigaku PDXL Software (Integrated x-ray powder 
diffraction software) makes it possible to study the diffraction spectrum of RX and identify the 
crystal phases of the sample to be analyzed. For the identification of the phases of the 𝐶𝑍𝑇𝑆 
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compound, the reference data are taken from JCPD files (26-0575). In Figure 3.4 X-ray 
diffraction machine is shown. 
X-ray diffraction can not only be used to identify the phase crystalline of a material compared 
to the data by reference category, but also to quantify the size of crystallites and other structural 
parameters. 
In the analysis of a diffraction spectrum, the width of the peaks provides information on the 
structure of the material studied. We can thus determine the size of the crystallites present in 
the material. To do this, we must determine the width at mid-height diffraction peaks which is 




                                                                    3.2 
Where: 
𝐷 = Average size of crystallites (nm),  
𝐾 = Is the Scherrer constant, which is around 0.9, 
𝛽 = Width at mid-height of the diffraction peak considered,  
𝜃 = Angular position (Bragg angle). 
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Figure 3.4 : Image of the X-ray diffraction  
3.3.2 Raman spectroscopy 
Raman spectroscopy is widely used as a complement to XRD to characterize the compounds 
of a material, such as 𝐶𝑍𝑇𝑆, whether in powder form, or deposited in thin layers. This technique 
allows in particular the search for impurities, including small quantities as well as observing 
the states of a molecule. The Raman spectroscopy is based on the inelastic scattering of 
photons. The radiation emitted by bombarded molecules contains photons of the same 
frequency than those of incident radiation, but also photons of different frequencies. This 
frequency change is called Raman effect.  
The principle of Raman spectroscopy consists of interacting a sample by a beam of 
monochromatic light (Laser) of very high frequency (0) with respect to all the vibration 
frequencies (v) of the sample to be analyzed. That means the operating principle consists in 
focusing (with a lens) a beam of monochromatic light on the sample and to analyze the light 
scattered back. This light is collected using another lens and sent to a monochromator, its 
intensity is then measured with a detector. 
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DRX alone does not identify the presence or absence of secondary phases. For this, Raman 
spectroscopy is a very complementary means of characterization. It is therefore necessary to 
couple the techniques of DRX and RAMAN spectroscopy to characterize the 𝐶𝑍𝑇𝑆 material 
and determine the presence or absence of parasitic secondary phases. Theoretical studies have 
shown that a stoichiometric sample of structural 𝐶𝑍𝑇𝑆 ordered kesterite (space group I-4) has 
27 optically active Raman modes [81,82]. The most intense Raman scattering peaks in the 
experimental Raman spectrum of 𝐶𝑍𝑇𝑆 and 𝐶𝑍𝑇𝑆𝑒 are at 338 cm−1 and 196 cm−1, respectively. 
The 𝑍𝑛𝑆, 𝐶𝑢𝑆𝑛𝑆3 phases cannot be detected by X-ray diffraction (XRD) because the positions 
of their diffraction peaks are almost identical to the 𝐶𝑍𝑇𝑆 peaks. 
Figure 3.5 shows the XRD peaks of those secondary phases. Thereby, in determining the 
structural properties of our samples, we have imperatively associated with DRX, Raman 
spectroscopy analyzes. The device used for this purpose is a Horiba Jobin Yvon LabRAM HR 
spectrometer equipped with an edge filter that cuts Raman signals below ∼35 cm−1 and a 
thermoelectrically cooled Electronically enhanced multichannel Charge Coupled Device 
(EMCCD). We used a solid-state green laser emitting at 533 nm with a resolution of roughly 
1𝑐𝑚−1. 
 
Figure 3.5: Simulated Cu-Kα X-ray diffraction patterns of kesterite 𝐶𝑢2𝑍𝑛𝑆𝑛𝑆4, 𝐶𝑢𝑆𝑛𝑆3 and zincblende 𝑍𝑛𝑆 
3.3.3 Field emission scanning electron microscopy (FESEM) 
Electron microscopy at scanning provides information on the morphology and surface 
appearance of the films. The principle of SEM devices is the existence of an electron beam 
focused on the surface of the sample to be analyzed. This beam is produced using a device 
called "electron gun". When the incident electron beam enters the sample, it undergoes multiple 
interactions with the target atoms which generate numerous phenomena and by-products which 
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can be detected and analyzed. The byproducts which include backscattered electrons, 
secondary electrons and de-excitation are in fact distributed in a volume called diffusion pear. 
The electron beam sweeping across the sample surface re-emits electrons and photons which 
are then captured by detectors. 
Knowing that scanning electron microscopy (SEM) is devoted to study the surface morphology 
of thin layers. Analysis of the secondary electrons emitted after interaction of the primary 
electron beam with the material provides information on the topography of the sample as well 
as the images produced by collection of backscattered electrons allow more particularly to 
highlight a chemical contrast i.e. the presence of a chemical element in a sample of material 
and the content of this element in the sample. In this case, the choice of detector will direct the 
contrast of the image either on the topography or on the composition, as the energy of the 
backscattered electrons is greater than that secondary electrons, they generally come from a 
layer whose thickness is more important than that which characterizes the secondary electrons, 
which means that the resolution is lower. 
 
Figure 3.6: Image of the scanning electron microscopy (FESEM) a Zeiss ULTRA 55 
The deposited and annealed films are mounted on a platinum object-holder allowing the sample 
to be moved in the three directions (x, y, z) in the sample chamber. It is essential to have the 
latter one as well as the electronic column which is connected to electromagnetic lenses under 
vacuum to be able to have a well-formed and defined electron beam. Yet, to ensure vacuum, 
the SEM device must necessarily be fitted with a vacuum pump system. Figure 3.6 shows the 
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instrument used for scanning electron microscopy analyzes (SEM) that is Zeiss ULTRA 55 
model equipped with a field emission cannon 30 kV. Then, all of the data collected is used by 
visualization software Image. 
3.3.4 Energy dispersive spectroscopy (EDS) 
The scanning electron microscope is coupled to an energy-dispersing X-ray microanalyzer 
where a qualitative and quantitative analysis can be obtained by acquiring the concentration of 
the elements present in the deposit and determining the chemical composition of the samples. 
When the sample is bombarded with an electron beam, it generates electronic excitations of the 
core levels of the atoms in the sample. During this electronic excitation, vacant states were 
created in the inner layers of atoms which, after the relaxation process, will be occupied by 
electrons of higher electronic levels. This is always accompanied by the emission of X-rays 
(Kα, K , Lα lines, etc.). and since the energy of these X-rays is characteristic of the atoms 
which emitted them, hence the possibility of carrying out elementary analysis. The EDS 
detector makes it possible to capture the X photons emitted when the atoms of the substrate 
return to their ground state following their interaction with the electrons of the incident beam 
of the SEM. Afterwards an identifications of the elements present in the material as a qualitative 
measurement or an assess the proportion of the various elements which defined a quantitative 
measurement will be given through a computer that processes the data using a program. 
3.3.5 Atomic force microscope (AFM) 
The atomic force microscope AFM is a high-resolution profile measurement instrument for the 
observation of objects on a very small scale. AFM allows to analyze a surface point by point 
thanks to a scanning by a probe made up of a fine point supported by a microlever, this one 
sweeps the sample to measure the interaction forces between the atom constituting the point 
and the surface atoms of a sample. The sample is mounted on a piezoelectric tube which allows 
movements in the three dimensions of space. In view of that these interactions created can be 
Van der Waals forces, electrostatic forces, magnetic forces or even ion repulsion forces, it 
depends on the surface characteristics of the sample. Interatomic forces are subsequently 
detected by reflection of a laser beam on the blade supporting the tip. The height of the tip 
changes during the cantilever movement and the magnitude of the deflection is plotted as a 
function of the position of the tip on the surface which creates a topographic map of the surface. 
The atomic force microscope is used in several modes of operation. Conventional techniques 
(contact mode, non-contact, tapping) make it possible to obtain a surface topography, while 
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other modes make it possible to obtain various information on the physicochemical properties 
of the sample (MFM, EFM, LFM mode, etc.). Figure 3.7 shows the model used in this study.  
 
Figure 3.7: Image of atomic force microscopy Bruker's multimode 8 (AFM)  
3.3.6 UV-Visible spectroscopy 
The technique of UV-Visible spectrophotometry is based on the properties of matter and more 
particularly certain materials, of absorbing certain wavelengths of the UV-Visible spectrum, 
where the absorbed energy causes disturbances in the electronic structure of atoms. More 
precisely UV-Visible spectroscopy is an analysis method establish on the transition of an 
electron constituting an atom or a molecule from a ground state towards an excited state under 
the effect of an excitation by an electromagnetic wave. These electronic transitions are made 
in the ultraviolet domain, 200 to 350 nm and visible between 350 and 800 nm. In 
spectrophotometric analysis as shown in Figure 3.8, a substantially monochromatic light is 
used at the output of the radiation source, due to making the polychromatic light a 
monochromatic beam. Subsequently, this beam is focused on a mirror which transmits it to a 
beam splitter. After splitting the beam into two equal parts, one of the beams goes through the 
reference and the other through the sample to be measured. Then the two beams are sent to a 
photomultiplier and then to a recorder. At this level, the lights will be detected and the ratio I / 
I0 (with I the intensity of the transmitted light and I0 the intensity of the incident light) allows 
to go back to the transmission (%). Plotting the curves representing the variation in 
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transmittance, as a function of the wavelength in the UV-visible range. This technique tells us 
about some optical properties of the materials such as the estimation of the optical absorption 
threshold, the absorption coefficient and the optical gap.   
 
Figure 3.8:  Schematic representation of the UV-Visible spectrophotometer 
The bandgap energy value of the 𝐶𝑍𝑇𝑆 material was determined by absorption spectroscopy. 
Indeed, Tauc's law makes it possible to link absorption coefficient and forbidden band energy 
according to the formula [83]. 
𝜶𝒉𝒗 = 𝑨(𝒉𝒗 − 𝑬𝒈)𝒏                                                             (𝟑. 𝟑) 
 
𝛼 =Absorption coefficient 
 ℎ𝜐 = Energy of photons 
𝐸𝑔 = Band energy prohibited 
𝐴 = constant 
𝑛 =  ½  for the case of direct transition 
By exploiting the curve of  (𝛼ℎ𝜐)2 as a function of  ℎ𝜐 makes it possible to determine the 
value of Eg at the intersection of the tangent of the curve in its linear part and the X-axis.   
3. 4. Numerical Analysis 
Performing numerical analysis methods by integrating real life problem into virtual machine 
environment like computer is considered a high priority job. By integration of computers in 
numerical problem solving has led the researcher to find an optimum way of performing 
complex problem solving in an efficient way. With the aid of computers precious time was 
saved and it was easy to optimize any real time design problem without physically 
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implementing it in real test environments [84].  Because of this reason computer-based learning 
is emphasized over worldwide universities. Computer-based learning systems has helped the 
researchers in the field of semiconductor devices. As today most of the world market is 
dominated by semiconductor devices like mobile phones, laptops, computers, streetlights and 
solar panels. Ion the field of semiconductor devices the most prominent field is solar cell. A 
semiconductor device can be used to convert sun light in to electrical energy and due to 
excessive demand of electric energy by consumers solar cell is a good alternate to meet user 
demands [85–88].  But currently most of the world energy demand is meet by hydel power 
plants, coal fired thermal power plants, natural gas fired thermal power plants and nuclear 
power plants [89]. Burning of fossil fuel has a drastic effect on climate change, so extensive 
research is being done in the field of solar photovoltaics (solar cell) [90–92]. New and improved 
design for solar cell are developed at a very rapid pace with efficiency reaching to a limit of 
22% [93]. But the cost, availability and stability of these devices for further commercial 
development is still an issue [94–96]. So, in dealing with these issues of solar cell numerical 
analysis of solar cell on computer can play a vital role. As Computer allows flexibility in the 
design of realistic problem, experimentation with different hypotheses can easily be performed. 
And a complete set of device characteristic can often be easily generated by consuming less 
amount of time and effort than a small set of hand-calculated single point values.  
Based on the discussion above it is evident that for rapid improvement in design and efficiency 
numerical modelling of photovoltaic solar cells is an imperative approach to assess the 
practicability of proposed physical structure and its performance. In this chapter effect of 
physical parameters like thickness of solar cell layers, doping concentration of layers and 
temperature on solar cell performance will be explained with the aid essential input parameters 
for solar cell. It is very valuable to take a common baseline or starting point for numerical 
analysis of solar cell [53]. This numerical investigation will yield fallouts for, predicting the 
outcome of changes in material properties and testing the practicability of proposed physical 
explanation.  
3.4.1 Basic semiconductor equation 
To analyze solar cell with the aid of numerical analysis software must be capable of solving 
basic semiconductor equations. These equations play a key role in analyzing solar cell 
performance and its possible output [97]. Among these equations the governing equation is 
Poison’s equation for electrostatic potential. Equation 3.4 represent Poison’s equation for 
electrostatic potential [98].  
 







                    (3.4) 
𝜌 is density of charge (C/𝑐𝑚3) and 𝜀 is product of semiconductor dielectric constant and 
permittivity of free space. From charge neutrality equation 𝜌 can be expressed as given in 
equation 3.5 [99] with assumption that dopant is totally ionized.  
𝜌 = 𝑞(𝑝 − 𝑛 + 𝑁𝐷
+ + 𝑁𝐴
−)                 (3.5) 
where 𝑞 is electronic charge, 𝑝 is concentration of holes, 𝑛 concentration of electrons, 𝑁𝐴
− 
ionized acceptor dopant carrier concentration and 𝑁𝐷
− is ionized donor dopant carrier 









                 (3.6) 
And to solve equation 3.6 for V as a function position value of x one must have to rearrange 
the expression for concentration of carriers (𝑝, 𝑛).  
Second equation called continuity equation, the reason that continuity equation is called 
governing equation is because drift, diffusion, generation and recombination are analyzed 
simultaneously. equation 3.7 and equation 3.8 represent continuity equation for concentration 


















+ (𝐺𝑝 − 𝑅𝑝)     (3.8) 
The output from equation 3.4,3.7 and 3.8 have non-linear dependencies on charge carrier 
concentration (𝑝, 𝑛). So, these equations will be solved with numerical techniques with 
standard approaches like discretization of equation, discretization of device and set of boundary 
conditions. To measure current characteristics of solar cell simulator must be able to solve drift-
diffusion equation for current in solar cell. The equation for drift-diffusion of charge carriers 
is given in equation 3.9 and equation 3.10 [100,101]. 
𝐽𝑛 =  𝑞𝜇𝑛𝑛𝜖 +   𝑞𝐷𝑛𝜕𝑛     (3.9) 
𝐽𝑝 =  𝑞𝜇𝑝𝑝𝜖 −   𝑞𝐷𝑝𝜕𝑝              (3.10) 
(𝐽𝑛, 𝐽𝑝) are the current density for electron and holes, (𝜇𝑛, 𝜇𝑝) mobility of carriers, (𝐷𝑛, 𝐷𝑝) 
diffusion coefficient of electron and holes and from Einstein relationship diffusion coefficient 
is depended upon mobility of carrier with product of carrier lifetime. Relation of 𝐷𝑛 with 
mobility of carrier is given in equation 3.11 [102–104]. 
 





𝜏(𝑛,𝑝)     (3.11) 
other quantities need to solve to find the solution for equation 3.6, 3.7 and 3.8 are generation 
and recombination (𝐺, 𝑅) and this can also be expressed as net recombination in device (U). 




       (3.12) 
There are different commercially available software and educational software for numerical 
analysis of solar cell that solve these basic semiconductor equations. The list of software that 
are available free for educational purpose are listed below. 
i. SCAPS-1D (Solar cell capacitance simulator) 
ii. AMPS-1D (Analysis of Microelectronics and Photonics Structures) 
iii. AFORS-HET (Automat FOR Simulation of HETerostructures) 
iv. PC1D 
v. ASA (Amorphous Semiconductor Analysis) 
Among these different software’s listed above we use SCAPS-1D for our work and the reason 
for selection of SCAPS is that, extensive literature is available for SCAPS and its possible 
application for the analysis of solar cell.  
3.4.2 SCAPS-1D 
SCAPS (a Solar Cell Capacitance Simulator) is a one-dimensional solar cell simulation 
program developed at the Department of Electronics and Information Systems (ELIS) of the 
University of Gent, Belgium [16]. Several researchers have contributed to its 
development: Alex Niemegeers, Marc Burgelman, Koen Decock, Stefaan Degrave, Johan 
Verschraegen.  
SCAPS program was originally developed for CuInSe2 and the CdTe family. Recent 
developments make the program now also applicable to crystalline solar cells (Si and GaAs 
family) and amorphous cells (a-Si and micromorphous Si). 
The most recent version, SCAPS 3.7, April 2012, includes: 
i. Seven semiconductor layers. 
ii. All physical parameters required for solar cell / semiconductor can be modeled in 
SCAPS. (𝐸𝑔, 𝜒, 𝜀, 𝑁𝐶 , 𝑁𝑉, 𝑣𝑡ℎ𝑛, 𝑣𝑡ℎ𝑝, µ𝑛, µ𝑝, 𝑁𝐴, 𝑁𝐷 ,  (defects) 𝑁𝑡 ). 
iii. Recombination profiles in solar cell. (SRH, Auger). 
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iv. Defects density in bulk of semiconductor and at interface. 
v. Defects with charge type. (Neutral, Single (donor, acceptor), double (donor, acceptor), 
defined by user). 
vi. Defect with different energy distribution: uniform distribution, single level distribution, 
Gaussian distribution, and band tails. 
vii. Work function of working electrodes/contacts for solar cell with optical filter. 
viii. Illumination of working structure with different spectra available in literature (AM0, 
AM1.5D, AM1.5G, monochromatic, white). 
ix. Illuminate device from either side. (Front contact, back contact with cutoff filters). 
x. Calculate: (Energy band diagram, I − V curve, C − V curve, quantum efficiency, 
recombination profile with temperature). 
xi. Run simulation under batch setting with controlled iteration. 
xii. Simulation can be run by writing scripts for SCAPS. 
xiii. User can save it personalized setting for startup of SCAPS. 
xiv. Friendly user interface. 
xv. A built-in curve fitting facility. 
i. SCAPS-ID front end interface 
Figure 3.9 shows the front-end interface of SCAPS-1D software. it majorly consists of 4 panels 
and the overview of these panels is listed below. 
 
Figure 3.9: SCAPS front end interface 
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• Problem definition panel is used to define solar cell structure that we want to define in 
SCAPS software, analyze simulated output, save data of simulated output and clear 
simulated history from SCAPS. To define solar cell structure, we need to click on set 
problem button. 
• Action panel is for reading scale setting and this panel consist of I − V characteristics 
scale calibration and setting, C − V capacitance voltage setting, C − F capacitance 
frequency setting and QE quantum efficiency setting.  
• Illumination panel is for spectrum setting and direction from where solar cell structure 
will be illuminated 
• working point is for setting of operating temperature  
ii. SCAPS-ID problem setting 
To set or define problem in SCAPS we click on “Set problem” button and after clicking on set 
problem button another interface will open. This interface is called “Solar cell definition panel” 
and in this panel we define the structure of our solar cell. This panel plays a key role in defining 
solar cell because structure definition and visualization is shown in this panel. To explain this 
panel, it is divided in to three categories as shown in Figure 3.10. 
 
Figure 3.10: SCAPS solar cell definition panel 
Explanation of these categories are listed below. 
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• Consists of 5 buttons and the function of these buttons is to load a structure file from 
SCAPS structure definition library or to save already modeled structure in SCAPS 
definition library. after loading the file or creating new structure we click “OK” to 
return to the main front-end interface for further analysis. 
• This consists of front and back contact and layers that we are going to define for our 
solar cell structure. From Figure 4.2, it is visible that SCAPS can only support 7 layers 
structure for numerical analysis of solar cell. 
• This section is for visualization of defined solar cell structure with illumination from 
front or back contact. In this section there are some buttons which are used to define 
illumination from front or back contact, applied potential and current reference. 
iii. Adding layers to structure 
To define layers in SCAPS for construction of solar cell structure we click on add layer as 
shown in Figure 3.10 section 2. So, by clicking on add layer another panel will open, and this 
is called “Layer properties panel”. In this panel we will set the basic physical parameters for 
our layer and this shown in Figure 3.11.  
  
Figure 3.11: Layer properties panel 
After setting the problem in SCAPS environment next step was to perform numerical analysis 
for defined structure and to analyze effect of different physical parameters on solar cell 
performance like thickness of absorber layer, buffer layer, doping concentration of absorber 
layer, buffer layer and operating temperature.  
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Abstract 
𝐂𝐮𝟐𝐙𝐧𝐒𝐧𝐒𝟒 kesterite thin films have been electrochemically deposited on indium 
doped tin oxide (𝐈𝐓𝐎) coated glass substrates from an aqueous electrolyte solution containing 
𝐂𝐮𝐒𝐨𝟒, 𝐙𝐧𝐒𝐨𝟒, 𝐒𝐧𝐒𝐨𝟒 and 𝐍𝐚𝟐𝐒𝟐𝐎𝟑 precursors in one step deposition. The purpose of this 
work is to reduce the cost of fabrication of 𝐂𝐙𝐓𝐒 thin films with good crystallinity by 
investigated the effect of complexing agent 𝐍𝐚𝟐𝐒𝐨𝟒 with 𝐍𝐚𝟑𝐂𝟔𝐇𝟓𝐎𝟕 on annealing 
temperature of 𝐂𝐙𝐓𝐒 thin film. Based on the results it was found that good crystal structure 
was achieved at temperature 350°C, that is below the reported annealing temperature in the 
literature. The electrodeposition process was maintained at room temperature with a working 
potential set at -1.05𝐕 vs. 𝐀𝐠/𝐀𝐠𝐂𝐥. The annealed 𝐂𝐙𝐓𝐒 films were characterized by X-ray 
diffraction revealed the formation of a crystalline phase 𝐂𝐙𝐓𝐒 with major and intense peaks. 
Scanning electron microscopy (𝐒𝐄𝐌) analysis stick to 𝐄𝐃𝐒 show compact and uniform surface 
morphology with a spherical crystalline geometry and near stoichiometry metal atomic ratio 
for the different samples prepared. Atomic force microscopy (𝐀𝐅𝐌) analysis confirms these 
results. From UV-visible spectroscopy, bandgap of around 1.5𝐞𝐕 was estimated for the 
kesterite thin films.  
 
Keywords: Kesterite, CZTS, Electrodeposition, Complexing agent, Annealing temperature, 
Solar cells.  
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1. Introduction   
Photovoltaic cells working principal is based on photoelectric effect. Through a 
semiconductor material, the light energy of photons can be directly converted into electricity 
by the process of photoelectric effect [105]. Among thin film technology 𝜶 − 𝑺𝒊, 𝑪𝒅𝑻𝒆 and 
𝑪𝑰𝑮𝑺 are the three most commercialized solar cells [106,107]. Silicon (𝑺𝒊) based solar cell has 
been widely studied from decades but still, the cost of 𝑺𝒊 solar cell has not been reduced [108]. 
Till now around 21.7%, power conversion efficiency (𝑷𝑪𝑬) had achieved from 𝑪𝑰𝑮𝑺 based 
solar cells. The commercial fabrication of these solar cells are still low because of the paucity 
of gallium (𝑮𝒂) and indium (𝑰𝒏) [109,110]. Where 𝑪𝒅𝑻𝒆 hits a 𝑷𝑪𝑬 of 22.1%, because of the 
toxic nature of cadmium (𝑪𝒅) large scale commercial production was not possible [93]. The 
main challenge in the fabrication of photovoltaic solar technology is to be enhancing the power 
conversion efficiency using earth-abundant elements, manufacturability, eco-friendly and 
reliability while reducing the cost. 
The kesterite 𝑪𝒖𝟐𝒁𝒏𝑺𝒏𝑺𝟒 and 𝑪𝒖𝟐𝒁𝒏𝑺𝒏𝑺𝒆𝟒 opens new opportunities to replace 
traditional photovoltaic technology for making solar cells [34,111]. Earth abundance and non-
toxicity of copper zinc tin sulfide (𝑪𝒁𝑻𝑺) compositional elements, they gain prodigious 
interest and represent a promising approach for the next-generation solar cells. 𝑪𝒁𝑻𝑺 absorber 
is the good replacement of  𝑪𝒖(𝑰𝒏,𝑮𝒂)𝑺𝒆𝟐 absorbers, by replacing toxic elements indium 
(𝑰𝒏) and gallium (𝑮𝒂) by abundant and inexpensive elements zinc (𝒁𝒏) and tin (𝑺𝒏) 
respectively [34,112,113]. 𝑪𝒁𝑻𝑺 is a material with high absorption coefficient of visible light 
about 𝟏𝟎𝟒𝒄𝒎−𝟏 and an optimum band gap of 1.5𝒆𝑽 [114,115]. Numerous techniques have 
been used to synthesize 𝑪𝒁𝑻𝑺 thin films like spin coating [116],  sol–gel [73], spray pyrolysis 
[71], chemical bath deposition [117], SILAR [118], co-sputtering [119,120], doctor-blade 
coating [121], photochemical deposition [122], among all these techniques, we find 
electrodeposition which increased the attention of researcher community. The 
electrodeposition is an extremely versatile and flexible technology. Moreover, this technique 
presents many advantages. First, there are many different metals, alloys, and composites that 
can be readily deposited in nano-crystalline form to meet specific application needs. Second, 
ease of implementation with a large surface area. Then, appropriate control system during the 
deposition. Finally, the low-cost industrial production [123,124]. The electrodeposition of the 
quaternary 𝑪𝒁𝑻𝑺 from a single step always remain difficult, because the 𝑪𝒖 − 𝒁𝒏 − 𝑺𝒏 − 𝑺 
precursors present different oxidation-reduction potentials [125,126], which means the 
importance of using complexing agents to reduce the potential gaps between the elements 
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[127,128] The key factor of solar cell performance are the deposition potential that should be 
varied while deposition [126], the absorber material crystalline quality and stoichiometry 
[129,130]. There is an empirical rule for high efficiency 𝑪𝒁𝑻𝑺 thin film, that the ratios of 
𝑪𝒖/(𝒁𝒏 + 𝑺𝒏) and 𝑪𝒖/𝑺𝒏 should be between 0.70-1 and 1-1.20 respectively [131]. In 
addition, the composition of 𝑪𝒁𝑻𝑺 thin films was 𝑪𝒖-poor and 𝒁𝒏-rich reported values for 
high-performance absorbers [132,133]. In order to acquire the desired phase of 𝑪𝒁𝑻𝑺 with 
well-defined characteristics, during the deposition it is necessary to control, the bath 
temperature, deposition time, the 𝒑𝑯 solution, the composition of the bath and the potential of 
deposition.  
In this work, effect of complexing agent on annealing temperature was investigated with 
a structural, morphological, compositional and optical characterization. In order to obtain 
𝑪𝒁𝑻𝑺 thin films by single bath electrodeposition technique and with low cost, we examined 
the effect of the addition of the complexing agent 𝑵𝒂𝟐𝑺𝑶𝟒 on the temperature of annealing, 
which creates the originality of this study. 
2. Experimental  
2.1. Materials  
Chemicals that were utilized for the fabrication of 𝑪𝒁𝑻S thin film were, Copper sulfate 
(𝑪𝒖𝑺𝑶𝟒), Zinc sulfate (𝒁𝒏𝑺𝑶𝟒), Stannous sulfate (𝑺𝒏𝑺𝑶𝟒), Sodium thiosulfate (𝑵𝒂𝟐𝑺𝟐𝑶𝟑), 
Trisodium citrate (𝑵𝒂𝟑𝑪𝟔𝑯𝟓𝑶𝟕), Sodium sulfate (𝑵𝒂𝟐𝑺𝑶𝟒), Tartaric acid (𝑪𝟒𝑯𝟔𝑶𝟔). 
2.2. Synthesis of 𝑪𝒁𝑻𝑺 thin film 
To perform electrodeposition, first the 𝑰𝑻𝑶 substrates with size 𝟏 × 𝟐. 𝟓𝒄𝒎𝟐 were cut 
and ultrasonically pre-cleaned by sequential rinses with detergent, acetone, ethanol and 
distilled water for 10𝒎𝒊𝒏 each followed by drying in air. Next aqueous solution that was used 
for the preparation of 𝑪𝒁𝑻𝑺 thin films using electrodeposition contains, 𝟎. 𝟎𝟐𝑴 
𝑪𝒖𝑺𝑶𝟒. 𝟓𝑯𝟐𝑶, 𝟎. 𝟎𝟐𝑴 𝒁𝒏𝑺𝑶𝟒. 𝑯𝟐𝑶, 𝟎. 𝟎𝟐𝑴 𝑺𝒏𝑺𝑶𝟒, 𝟎. 𝟎𝟐𝑴 𝑵𝒂𝟐𝑺𝟐𝑶𝟑, 𝟎. 𝟐𝑴 
𝑵𝒂𝟑𝑪𝟔𝑯𝟓𝑶𝟕 and 𝑵𝒂𝟐𝑺𝑶𝟒 with varied concentration (𝟎𝑴, 𝟎. 𝟎𝟏𝑴) which specifies the 
composition of solution 1: without addition of 𝑵𝒂𝟐𝑺𝑶𝟒 and solution 2: with the addition of 
𝑵𝒂𝟐𝑺𝑶𝟒. The 𝒑𝑯 of electrolyte solution was kept around 5 by adding tartaric acid 𝟎. 𝟏𝑴. 
Then, the electrodeposition was carried out potentiostatically and performed using Autolab 
PGSTAT 302N, in a three-electrode electrochemical cell with 𝑰𝑻𝑶 as a working electrode, 
platinum wire (𝑷𝒕) as a counter electrode and saturated calomel electrode (𝑺𝑪𝑬) as the 
reference electrode. The conductive surface of the 𝑰𝑻𝑶 substrate is immersed in the solution 
while respecting the position of the electrodes to facilitate the change of the electrons as shown 
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in Figure. 1. Subsequently, the chronoamperometry technique was used by fixing the potential 
at -1.05𝑽 vs. 𝑨𝒈/𝑨𝒈𝑪𝒍. The deposition without stirring takes place for 𝟑𝟎𝒎𝒊𝒏 at room 
temperature. Deposited films were rinsed with deionized water after completion of the 
deposition cycle and dried them in air at room temperature. As-deposited thin film does not 
contain any 𝑪𝒁𝑻𝑺 peaks since 𝑪𝒁𝑻𝑺 growth requires annealing at a temperature > 350°C. For 
this purpose, we apply sulfurization procedure to As-deposited samples using tubular. To 
perform annealing, first, we place the substrates in a graphite box with some milligrams of 
sulfur powder (𝑯𝟐𝑺) under argon gas (𝑨𝒓) within a temperature variant from 350°𝑪 up to 
550°𝑪, the annealing process gets start during 𝟒𝟓𝒎𝒊𝒏 and duration of annealing procedure is 
given in Figure. 2. 
 
Figure 1 : Schematic diagram of electrochemical deposition setup 
 
Figure 2 : Annealing process 
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2.3. Characterization of 𝑪𝒁𝑻𝑺 films 
The 𝑿𝑹𝑫 (X-ray diffraction) technique was used to characterize the structure and the 
crystalline phase of the material using 𝑪𝒖 − 𝑲𝜶 radiation (𝝀 =  𝟏. 𝟓𝟒𝟎𝟔𝟎 Å) with Rigaku 
Ultima IV diffractometer in the Bragg-Bentano configuration. Then, to study the surface 
morphology and the composition of the samples, the scanning electron microscopy (𝑺𝑬𝑴) and 
energy dispersive X-ray (𝑬𝑫𝑺) detector was applied respectively using a Zeiss ULTRA 55 
model equipped with an In-Lens SE detector. The optical properties were examined by using 
UV-visible optical spectroscopy and the measurement of the optical band gap 𝑬𝒈 of the 
elaborate layer was carried out by the Tauc equation 𝜶𝒉𝝂 =  𝑨 (𝒉𝝂 −  𝑬𝒈)𝒏 and 𝜶 =
 𝟏/𝒕  𝒍𝒏 (𝟏/𝑻) relation. The topology of the surface has been explored with atomic force 
microscopy method (𝑨𝑭𝑴) Bruker Multimode 8 𝑨𝑭𝑴 Nasoscope V controller. All of these 
techniques were used to identify the formation of 𝑪𝒁𝑻𝑺 stoichiometry complex. 
3. Result and discussion  
3.1. Cyclic voltammetry  
In the event of one step deposition, appears cyclic voltammetry of the bath containing 
𝑪𝒖 − 𝒁𝒏 − 𝑺𝒏 − 𝑺 precursors. The reduction potential for all these elements are extremely 
different, which is directly related to the electrochemical reactions approved by Nernst’s law 
[134]: 
𝐶𝑢2+ + 2𝑒− → 𝐶𝑢 
𝐸𝐶𝑢 = 0.14𝑉 −
𝑅𝑇
2𝐹
𝑙𝑛[𝐶𝑢2+]    (𝑣𝑠. 𝐴𝑔/𝐴𝑔𝐶𝑙) 
𝑍𝑛2+ + 2𝑒− → 𝑍𝑛 
𝐸𝑍𝑛 = −0.96𝑉 −
𝑅𝑇
2𝐹
𝑙𝑛[𝑍𝑛2+]    (𝑣𝑠. 𝐴𝑔/𝐴𝑔𝐶𝑙) 
𝑆𝑛2+ + 2𝑒− → 𝑆𝑛 
𝐸𝑆𝑛 = −0.38𝑉 −
𝑅𝑇
2𝐹
𝑙𝑛[𝑆𝑛2+]    (𝑣𝑠. 𝐴𝑔/𝐴𝑔𝐶𝑙) 
𝑆2𝑂3
2− + 6𝐻+ + 4𝑒− → 𝑆 + 3𝐻2𝑂 




2−]    (𝑣𝑠. 𝐴𝑔/𝐴𝑔𝐶𝑙) 
𝑬𝑪𝒖,𝑬𝒁𝒏, 𝑬𝑪𝒖and 𝑬𝑺𝒏 are the potential of reduction for the respective half reactions esteem to 
the 𝑨𝒈/𝑨𝒈𝑪𝒍 reference electrode. The values of 0.14𝑽, -0.96𝑽, -0.38𝑽 and 0.5𝑽 vs 
(𝑨𝒈/𝑨𝒈𝑪𝒍) are the standard potentials of the 𝑪𝒖, 𝒁𝒏, 𝑺𝒏 and 𝑺 precursors respectively. 𝑭 is 
Faraday’s constant, 𝑹 is ideal gas constant and 𝑻 for the temperature in Kelvin, that is 
maintained at room temperature. Therefore, the value of 𝑹𝑻/𝑭 is around 0.025. [𝑪𝒖𝟐+], 
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[𝒁𝒏𝟐+], [𝑺𝒏𝟐+], and [𝑺𝟐𝑶𝟑
𝟐−] returns to the concentration of the elements constituting the 
electrolyte [135]. According to the above equations, the great potential difference that exists 
between the elements constituting 𝑪𝒁𝑻𝑺 film creates the main challenge of the deposition 
process. In literature, the effect of tri-sodium citrate with the annealing temperature on the 
formation of 𝑪𝒁𝑻𝑺 film, where they showed that the formation of the film starts at 450°𝑪 but 
gives a good crystalline structure at 550°𝑪 [136]. So, to shrink the potential gap and 
simultaneously deposit the four elements,  the addition of complexing agent trisodium citrate 
(𝑵𝒂𝟑𝑪𝟔𝑯𝟓𝑶𝟕) is necessary [137]. The formation of 𝑪𝒁𝑻𝑺 film with good crystallinity at 350 
° C gives the usefulness of this work. So, adding sodium sulfate with trisodium citrate makes 
the bath more active. Figure..3 shows cyclic voltammetry (𝑪𝑽) for the bath containing copper-
zinc-tin-sulfur precursor with (a) 𝑵𝒂𝟑𝑪𝟔𝑯𝟓𝑶𝟕 and 𝑪𝟒𝑯𝟔𝑶𝟔 as complexing agents (b) 
𝑵𝒂𝟑𝑪𝟔𝑯𝟓𝑶𝟕, 𝑪𝟒𝑯𝟔𝑶𝟔, and 𝑵𝒂𝟐𝑺𝑶𝟒 as complexing agents which is the subject of solution 1 
and 2 respectively. The process of cyclic voltammetry (𝑪𝑽) has been performed in the potential 
ranging from 0.2𝑽 to -1.3𝑽 vs. 𝑨𝒈/𝑨𝒈𝑪𝒍. Then, according to the 𝑪 − 𝑽 curve, the peaks 
around 0𝑽, -0. 65𝑽 and -0.90𝑽 vs. 𝑨𝒈/𝑨𝒈𝑪𝒍 specify the potential of reduction of 𝑪𝒖𝟐+, 𝑺𝒏𝟐+ 
and 𝒁𝒏𝟐+ respectively. Agreeing that the effect of pH and complexing agents on the reduction 
of the constituent elements thin films in 𝑪𝒁𝑻𝑺 [138]. They advertise that the reduction potential 
of copper can be reduced from -0.2𝑽 to -0.5𝑽 vs. 𝑨𝒈/𝑨𝒈𝑪𝒍, as far as the value of the reduction 
potential of Sn decrease from -0.5𝑽 to -0.7𝑽 vs. 𝑨𝒈/𝑨𝒈𝑪𝒍. Furthermore, 𝒁𝒏 potential can be 
displaced from -1.2𝑽 to -0.7𝑽 vs. 𝑨𝒈/𝑨𝒈𝑪𝒍. These results were further improved by the 
addition of some milligram of the complexing agent 𝑵𝒂𝟐𝑺𝑶𝟒 with 𝟎. 𝟐𝑴 𝑵𝒂𝟑𝑪𝟔𝑯𝟓𝑶𝟕 which 
gives action to the solution and narrowing the reduction potentials of the constituents of the 
electrolyte bath. Therefore, the reduction potential gap between 𝑪𝒖 and 𝒁𝒏 (𝑬𝑪𝒖 – 𝑬𝒁𝒏 =
 (𝟎) – (–  𝟎. 𝟗𝟎)  =  𝟎. 𝟗𝟎 𝑽) becomes lesser  when compared with the value of the standard 
condition (>  𝟏. 𝟏 𝑽) [133]. The bath of the electrodeposition contains the metal cations 
(𝑪𝒖𝟐+, 𝒁𝒏𝟐+, 𝑺𝒏𝟐+) which form a complex compound with citrate anion, what shows the role 
of citrate to provide proof of activity reducing metal cations in the electrolyte [138].  
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Figure 3 : Cyclic voltammetry curves of the electrolyte containing (a) Solution 1: Trisodium 
citrate and tartaric acid as complexing agents, (b) Solution 2: Trisodium citrate, tartaric acid, 
and sodium sulfate as complexing agents. 
3.2. X-ray diffraction and Raman Spectroscopy 
The X-ray diffractogram recorded in 2θ angle range  20-60° shows the peaks of CZTS 
thin films for the different substrates are explained in Figure. 4. Observing that kesterite phase 
𝑪𝒁𝑻𝑺 present only for annealed samples at 2θ values  23.15°, 28.5°, 32.9°, 47.3° and 56.1° 
with reference JCPDS card #26-0575 [48]. The diffraction spectrum indicates the presence of 
all these peaks for samples annealed at 350°𝑪, 400°𝑪, 450°𝑪 and 550°𝑪, whereas for as 
deposited sample there is no major peak observed for kesterite. This is also shown in the inset 
plot of Figure. 4. 
 
   
84 
 
Figure 4 : X-ray diffraction patterns of 𝑪𝒁𝑻𝑺 films electrodeposited at different temperature 
of annealing 
The reticular planes (101), (112), (200), (220) and (312) correspond to kesterite structure of 
𝑪𝒁𝑻𝑺 thin films JCPDS N°: 026-0575 are distinctly observed in the sample annealed at 450°C. 
Furthermore, the intensity and affinity of the peaks present by this substrate indicate that the 
deposit has more crystalline particles. Whereas the most important parameter for the 
electrodeposition of 𝑪𝒁𝑻𝑺 thin films is the annealing temperature, which requires a significant 
energy since the technique of electrochemical deposit offers a low price for production and the 
ease of implementation. Decreasing the temperature more with the composition of the first 
solution we risk losing the crystallinity of the film which shows the spectrum(𝑪𝒁𝑻𝑺𝟒𝟎𝟎). 
Consequently, the addition of a small quantity of 𝑵𝒂𝟐𝑺𝑶𝟒 allows us to diminish the 
temperature of annealing up to 350°𝑪 while obtaining better results. Figure. 4 (𝑪𝒁𝑻𝑺𝟑𝟓𝟎) 
shows the presence of 𝑪𝒁𝑻𝑺 quaternary diffraction peaks. This complexing agent plays an 
important role in decreasing the reduction potential, which gives rise to the formation of the 
𝑪𝒁𝑻𝑺 film even at base temperature. 
The 𝑿𝑹𝑫 analysis gives access to define other parameters such as the position of the peaks, 
interplanar distance, 𝑭𝑾𝑯𝑴 (Full Width at Half Maximum) and crystalline size. That is 
calculated by using Debye – Scherrer’s formula: 
𝑫 = (𝑲𝝀 𝜷 𝑪𝒐𝒔𝜽⁄ ) 
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𝑫 is the crystalline size, 𝝀 is the wavelength of the incident beam, 𝑲 is Scherrer's constant and 
usually takes the value 0.9, 𝛃 is the width at half height intensity of the peak and finally, 𝜽 
represents the diffraction angle. 
Thus, Figure. 5 shows the value of the full width at half maximum (𝑭𝑾𝑯𝑴) of the most 
intense peak (112) were decreased with increasing sulfurization temperature to an optimal 
value and after a small increase was observed which may be due to lack of sulfur. A slight 
variation of the lattice parameter was observed for the annealed sample at 550°𝑪. This change 
in peak intensity can be attributed to the distortion of 𝑪𝒁𝑻𝑺 thin films.  As well as the grain 
size of the crystals increased as a function of temperature as though if it varied in contrast with 
the 𝑭𝑾𝑯𝑴 that are shown in Table 1.  




Position of the 
peak (112) 
FWHM (deg) Size(nm) 
CZTS550 550 28.4002 0.1338 63.945 
CZTS450 450 28.3565 0.1125 76.046 
CZTS400 400 28.4142 0.1371 62.438 
CZTS350 350 28.4153 0.187 45.775 
 
Figure 5 : FWHM of (112) peak of CZTS samples 
 
   
86 
 
Figure 6 : Raman spectra of CZTS thin films at different annealing temperature 
The zincblende structure of tetragonal 𝐶𝑢2𝑆𝑛𝑆3 and cubic 𝑍𝑛𝑆 as secondary phases has the 
same structure as kesterite phases of 𝐶𝑍𝑇𝑆 and they are very difficult to distinguish with X-ray 
diffraction characterization technique [139]. Raman spectra of kesterite 𝐶𝑍𝑇S thin films 
annealed at different temperatures were recorded in the range of 200-600 cm−1 and was shown 
in Figure. 6. The main peaks at 330 cm−1and the weak peaks at 286cm−1 does not corresponds 
to the principal peaks of 𝑍𝑛𝑆 (356 cm−1) and 𝐶𝑢2𝑆𝑛𝑆3  (337 cm
−1, 351 cm−1) but perfectly 
matched with kesterite structure. Raman peaks characteristics of 𝐶𝑍𝑇𝑆 kesterite phase shows 
the formation of high purity crystalline 𝐶𝑍𝑇𝑆 thin films [140,141]. Along with 𝑋𝑅𝐷 results, 
Raman spectra evolve with the annealing temperature and indicate the formation of 𝐶𝑍𝑇𝑆 
phase at low temperature. The combined analysis 𝑋𝑅𝐷 and Raman spectroscopy, shows that 
the films annealed at different temperatures are kesterite 𝐶𝑍𝑇𝑆 rather than a mixture of 
𝐶𝑢2𝑆𝑛𝑆3  and 𝑍𝑛𝑆. 
3.3. SEM, AFM and EDS studies 
The SEM surface images of the As-deposited and the annealed 𝑪𝒁𝑻𝑺 thin films are 
revealed in Figure. 7. We notice that there is a very large morphological difference between 
the 𝑪𝒁𝑻𝑺 thin films. The morphology of the As-deposited film shows in (Figure. 7a) deduces 
that the film has a non-uniform texture with the presence of some voids or cavities. Thereafter, 
the annealing of the As-deposited films in a place rich in sulfur render up the film more compact 
and more uniform which explains the annealing process. 
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From Figure. 7, it is observed that the surface morphologies of the films obviously change by 
increasing the annealing temperature from 350°𝑪 to 550°𝑪. The surface 𝑺𝑬𝑴 image of the 
sulfurized 𝑪𝒁𝑻𝑺 thin film at 350°𝑪, derived from the co-electrodeposition of 𝑪𝒖𝟐𝒁𝒏𝑺𝒏𝑺𝟒 
precursors with two complexing agents, is shown in (Figure. 7b) the presence of a 
homogeneous compact morphology is beneficial for the separation and transport of charge 
carriers and whereof for the application of solar cells. The annealed film at 350°𝑪  shows a 
homogeneous morphology with a small grain size. By increase in temperature arround 100°𝑪, 
the morphology of the film becomes more homogeneous with a crystalline disposition of 
uniform thickness and resultantly the grain shape becomes in more spherical geometries  [142]. 
The size of the grains constituting the film grew gradually with the increase of the annealing 
temperature up to 450°𝑪 as optimal value and this shown from the Figure. 7. However, if we 
increase the temperature more, up to 550°𝑪 with the composition used, the surface image has 
densely packed large grains and the morphology becomes disrupted. Therefore, the size growth 
was endorsed to a temperature of annealing and the composition of sulfur. The morphological 
study by 𝑭𝑬𝑺𝑬𝑴 made it possible to conclude that the morphology of the 𝑪𝒁𝑻𝑺 thin film 
surface depends strongly on the annealing temperature and this is confirmed also with the 
results of 𝑿𝑹𝑫, as mentioned above.  
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Figure 7 : 𝑺𝑬𝑴 surface morphological images of 𝑪𝒁𝑻𝑺 films at different annealing 
temperatures 
Figure. 8 shows 𝟐𝑫 atomic force microscopy (𝑨𝑭𝑴) images of 𝑪𝒁𝑻𝑺 thin films 
annealed substrates with a scan rate of 𝟐𝟎𝝁𝒎. 𝑨𝑭𝑴 images revealed that the prepared thin 
films have a uniform and rough surface topography and observation is basically harmonic with 
the 𝑺𝑬𝑴 images. These are clearly observed from Figure. 8(b-c-d) that the topography of the 
samples is similar by that given by 𝑺𝑬𝑴 and the size of the crystalline increases with the 
temperature. We noticed that, there is agglomeration at higher temperatures; a consequence of 
this agglomeration is the formation of clusters. Similarly, for the sample prepared at low 
temperature (350°𝑪), it was realized that it had the same properties offered by 𝑺𝑬𝑴 technique.  
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Figure 8 :  Two-dimensional topographical spatial maps of 𝑪𝒁𝑻𝑺 thin films 
The 𝑬𝑫𝑺 data disclosed the existence of an elemental composition in thin films 
deposited for different complexing agents under different annealing temperatures. This is 
obviously shown in Table 2.  
Table 2 : Elemental and composition ratios of prepared 𝑪𝒁𝑻𝑺 thin films 
 Sample ID 
Elements 
Cu Zn Sn S Cu/(Zn+Sn)  
As-deposited 35.24 12.27 17.26 35.22 1.193363  
CZTS350 24.04 7.73 19.38 48.85 0.88675765  
CZTS400 21.53 9.79 19.94 48.73 0.72418433  
CZTS450 21.83 9.67 20.25 48.26 0.7296123  
CZTS550 21.06 9.32 23 46.62 0.65160891  
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Table 2 shows that all the thin films present a near stoichiometry metal atomic ratio. The 
𝑪𝒖/(𝒁𝒏 + 𝑺𝒏) ratio of annealed samples at different temperature has a range between 0.65 
and 0.89, what suits with the literature [47]. In order to avoid the appearance of a secondary 
phase in the 𝑪𝒁𝑻𝑺 thin films, we have precisely controlled the chemical composition with the 
temperature variation in a zone from 350°𝑪 to 550°𝑪. But since at low temperature it is possible 
to lose the crystalline structure, therefore, the addition of complexing agent 𝑵𝒂𝟐𝑺𝑶𝟒 to 
strengthen the film becomes necessary. Similarly, the amount of sulfur in the sulfurized films 
decreases with increasing annealing temperature. Therefore, the evaporation temperature of the 
sulfur is about 450°𝑪. Consequently, this can be due to a loss of sulfur during annealing 
specifically for sample 𝑪𝒁𝑻𝑺𝟓𝟓𝟎.  
3.4. UV-visible spectroscopy 
The power conversion efficiency of a photovoltaic device is highly depended upon band 
gap of the material. Therefore, to find optical energy band gap of the material the optical 
absorption spectra were used. The value of the band gap energy is carried out by the measured 
transmittance spectra data using the following relation given in equation:  
(𝜶𝒉𝒗)𝟐 = 𝑨(𝒉𝒗 − 𝑬𝒈)𝒏 𝒉𝒗⁄  
The Tauc’s relation enforce relation between absorption and energy, where 𝜶 is the absorption 
coefficient, 𝒉 is a Plank’s constant, 𝒗 is the frequency of incident light, 𝑨 is a constant 
interrelated with the effective masses of electron and as well as holes and also to the reactive 
index, 𝒉𝒗 is the photon energy, the energy band gap of the material is designated by 𝑬𝒈 and 
finally 𝒏 is a constant that depends on the nature of the optical transition (n = 1/2 for direct 
band gap transitions). The optical absorption spectra for the 𝑪𝒁𝑻𝑺 thin films were recorded in 
the wavelength range of 350–1200nm at room temperature. The difference between higher 
valence band levels and conduction band levels gives us access to determine a fundamental 
value of band gap energy. According to the graph delineate between (𝜶𝒉𝒗)𝟐 as Y-axis and 𝒉𝒗 
as X-axis, the value of the band gap energy is estimated by plotting the extrapolation of the 
linear part of the spectrum to the horizontal photon energy axis [143]. Figure. 9 shows the band 
gaps of the annealed 𝑪𝒁𝑻𝑺 thin films, ranged between 1.46𝒆𝑽 and 1.54𝒆𝑽, which is decreased 
with increasing the temperature of annealing. The modification of structural properties, 
including grain size and crystallinity, has played a role in varying optical properties [144]. The 
band gap value of samples 𝑪𝒁𝑻𝑺𝟑𝟓𝟎, 𝑪𝒁𝑻𝑺𝟒𝟎𝟎, 𝑪𝒁𝑻𝑺𝟒𝟓𝟎 and 𝑪𝒁𝑻𝑺𝟓𝟓𝟎 are closed to 
1.52 𝒆𝑽, 1.54 𝒆𝑽, 1.50 𝒆𝑽 and 1.47 𝒆𝑽 respectively. From the obtained band gap values, we 
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deduced that the 𝑪𝒁𝑻𝑺 films have an optimal band gap required for high conversion efficiency 
thin film solar cells. 
 
Figure 9 : Variation of (𝒂𝒉𝒗)𝟐 as a function of photon energy (𝒉𝒗) for deposited CZTS films 
at a different temperature of annealing 
4. Conclusion  
The one-step electrodeposition of thin films 𝑪𝒁𝑻𝑺 solar cells was carried out on 𝑰𝑻𝑶 substrates 
with a simple solution containing non-toxic and abundant elements, intending to reduce the 
temperature of annealing; we optimized the electrolyte bath composition. Foremost, a study on 
the influence of annealing temperature on substrate structure and morphology was carried out 
which shows that the use of annealing temperature around 450°𝑪 gives the best results and can 
be considered as optimal temperature for the first composition of the electrolyte. Below this 
temperature the crystalline structure changes and the uniformity of the morphology risks has 
deteriorated, although with the addition of some milligram of 𝑵𝒂𝟐𝑺𝑶𝟒 which is the object of 
the composition 2, it is possible to reduce the temperature to 350°𝑪 while retaining the 
characteristics of the 𝑪𝒁𝑻𝑺 film. 𝑿𝑹𝑫, 𝑺𝑬𝑴 and optical absorption itemize that the films are 
chiefly kesterite. In quality, this may be beneficial for solar cells because of lower 
recombination rates and wholly support an enduring technology dimension. 
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Abstract: 
Kesterite 𝑪𝒖𝟐𝒁𝒏𝑺𝒏𝑺𝟒 (𝑪𝒁𝑻𝑺) with an optimal band gap of 1.5𝒆𝑽 is an auspicious material 
to be used as absorber layer high efficiency thin film photovoltaic cells. Effect of substrates on 
the morphology and structural properties of 𝑪𝒁𝑻𝑺 kesterite thin films were analyzed by 
depositing 𝑪𝒁𝑻𝑺 on Molybdenum, Indium doped tin oxide, and Fluorine doped tin oxide via 
electrochemical deposition method. The electrolyte contains 𝐂𝐮𝐒𝐨𝟒, 𝐙𝐧𝐒𝐨𝟒, 𝐒𝐧𝐒𝐨𝟒 and 
𝐍𝐚𝟐𝐒𝟐𝐎𝟑 as precursors, with 𝐍𝐚𝟑𝐂𝟔𝐇𝟓𝐎𝟕 and 𝐂𝟒𝐇𝟔𝐎𝟔 as complexing agents. 
Electrochemical depositions were carried out at room temperature with a voltage of -1.05V vs. 
Ag/AgCl reference electrode. Films were annealed at a temperature around 450°C and then 
characterized by X-ray diffraction. The characterization shows the development of 𝑪𝒁𝑻𝑺 
kesterite structure, with a good crystallinity on Mo substrates and phase purity, which were 
also confirmed by Raman spectroscopy and scanning electron microscopy. Then optical 
measurements showed that the deposited thin films present a bandgap of around 1.47eV. 
Correspondingly, the effect of metal contact work function for these substrates were also 
investigated with the aid of device modeling software SCAPS. The analysis shows that for 
given solar cell structure, 𝒃𝒂𝒄𝒌 𝒄𝒐𝒏𝒕𝒂𝒄𝒕/𝑪𝒁𝑻𝑺/𝑪𝒅𝑺/𝒁𝒏𝑶, Mo substrates presented better 
performance. 
Keywords: 𝑪𝒁𝑻𝑺, Kesterite, Thin films, Back contact, Mo, ITO, FTO, SCAPS 
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1. Introduction  
Growing demand for energy to comply with human communal and economic development has 
inspired many researchers to develop new materials for photovoltaic applications with high 
power conversion efficiencies (PCE) and low cost of the manufacturing process [132]. For 
large scale production with low cost thin-film solar cells (SC) are suitable for photovoltaic 
applications. In the current economic scenario, devices without degradation of materials with 
high-power conversion efficiency are fabricated for the generation of electricity [145]. Copper 
indium gallium selenium (CIGS) and cadmium telluride (CdTe) based thin film SC received 
considerable attention due to their higher photo conversion efficiencies, large scale commercial 
production, excellent optical as well as electrical properties, simple fabricating techniques and 
high absorption coefficient [107,146]. Rising costs of rare earth materials and toxicity of 
cadmium (Cd), tellurium (Te), gallium (Ga) and indium (In) limit technological development 
and large-scale commercial production of these devices [35,147,148]. The non-toxic and 
abundance in nature quaternary kesterite compound gaining prominence in the manufacture of 
low-cost thin-film SC technology [149]. The promising quaternary compounds such as 
CZTS (Cu2ZnSnS4), CZTSe (Cu2ZnSnSe4) and their alloys (CZTSSe) Cu2ZnSn(SxSe1−x)4 
having kesterite symmetrical structures are emerging as the most auspicious replacement for 
the chalcopyrite absorbers [49,150–155]. The outstanding features and efficient performance 
of these kesterite based materials made them very fascinating in the thin film research 
community [6,156]. In CIGS absorber substituting indium (In) with zinc (Zn) and gallium 
(Ga) with tin (Sn), CZTS is considered as a perfect light absorber material having a large 
absorption coefficient of α >104cm−1 [157–160] and direct optical bandgap ranges among 
1.4eV to 1.5eV [73,114,115,158]. CZTS based SC deposited by vacuum was first reported in 
1997 having photo-conversion efficiency of  0.66% [161]. With further technological 
development and detailed research in CZTS materials the power conversion efficiency of 6.7% 
was achieved in 2009 [162]. As per the Shockley-Queisser limit, theoretically, around 28% 
conversion efficiency is possible from CZTS based SC by tuning the bandgap energy [163]. In 
recent theoretical studies of 𝑪𝒁𝑻𝑺 solar cells using the Shockley-Queisser limit, it was showed 
that 𝑪𝒁𝑻𝑺 can reach up to an efficiency of 32.4% [164]. During the last few years, the kesterite 
materials have attracted a lot of attention for being a good absorbent coating for thin-film SC, 
much research has been conducted to improve the efficiency of this layers [165]. PCE of 8.4%, 
11.6%, and 12.6% was achieved with pure sulfide CZTS, pure selenide Cu2ZnSnSe4 
(CZTSe) and mixed sulfoselenide Cu2ZnSn(S, Se)4  (CZTSSe) SC, respectively [166][167]. In 
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the sight of the toxicity problem, the use of pure sulphide (CZTS) is preferable. Various groups 
have tried different methods for the deposition of CZTS thin film SC. Kesterite CZTS have been 
deposited by spray pyrolysis [168], pulsed laser deposited [65], SILAR [169], sol-gel method 
[170], spin coating [171], chemical bath deposition [117] and also the electrodeposition 
[172,173]. We found that electrochemical deposition a well-known technique used by the 
research community because of its cost effectiveness and simplicity in implementation. 
Furthermore, literature is available for electrochemical deposition of CZTS onto different 
substrates such as Molybdenum (Mo) [132], Fluorine doped tin oxide (FTO) [174] and Indium 
doped tin oxide (ITO) [175]. 
In this work, the aim is to grow CZTS thin films onto different conductive glass substrates 
such as Mo, FTO, and ITO with the single step electrochemically deposited technique under 
room temperature using Na3C6H5O7 and C4H6O6 as complexing agent. The choice of the 
conductive substrates is very important to control the quality of the film. The utility appears in 
the comparison of the structure, morphology, and elemental composition of CZTS kesterite thin 
films. The effect of a metal work function of different substrates was also investigated with the 
aid of numerical analysis using SCAPS software. From the analysis it was found that for SC 
structure Back contact/CZTS/CdS/ZnO, Mo substrates show better performance.  
2. Experimental  
To fabricate 𝐂𝐮𝟐𝐙𝐧𝐒𝐧𝐒𝟒 (𝐂𝐙𝐓𝐒) kesterite thin films material were purchased from Sigma 
Aldrich and used without further purification. List of materials used are given below 
i. SnSO4 
ii. CuSO4. 5H2O 
iii. ZnSO4. H2O 
iv. Na2S2O3 
v. Na3C6H5O7 
The above materials used were 99.99% pure.  
𝐂𝐮𝟐𝐙𝐧𝐒𝐧𝐒𝟒 (𝐂𝐙𝐓𝐒) kesterite thin films were elaborated by using one step electrochemical 
deposition. The composition of the electrolyte solution is formed in water with 𝟎. 𝟎𝟐𝐌 copper 
sulfate 𝐂𝐮𝐒𝐎𝟒. 𝟓𝐇𝟐𝐎, 𝟎. 𝟎𝟐𝐌 zinc sulfate 𝐙𝐧𝐒𝐎𝟒. 𝐇𝟐𝐎, 𝟎. 𝟎𝟐𝐌 tin sulfate 𝐒𝐧𝐒𝐎𝟒 and 
𝟎. 𝟎𝟐𝐌 sodium thiosulfate 𝐍𝐚𝟐𝐒𝟐𝐎𝟑, on which we will add 𝟎. 𝟐𝐌 sodium citrate 𝐍𝐚𝟑𝐂𝟔𝐇𝟓𝐎𝟕 
and 𝟎. 𝟏𝐌 tartaric acid as a complexing agent. The prepared solution with a pH kept at 5 was 
used in an electrochemical cell containing three electrodes to cause chemical reduction 
reactions. Saturated calomel electrode (𝐒𝐂𝐄) presents the reference electrode, the platinum 
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wire (𝐏𝐭) used as a counter electrode and three types of working electrode substrates with 
dimensions 𝟏 × 𝟐. 𝟓𝐜𝐦𝟐 were used (𝐚) indium tin oxide (𝐈𝐓𝐎) coated glass, (𝐛) fluorine 
doped tin oxide (𝐅𝐓𝐎) coated glass and (𝐜) molybdenum (𝐌𝐨) coated. Before using the 
conductive substrate as a working electrode, a cleaning process is followed by scrubbing with 
detergent, acetone, ethanol and distilled water for 10 min each step. Thereafter, the 
electrodeposition was implemented using Autolab PGSTAT302N on which the 
chronoamperometry process began with fixing the potential at -1.05𝐕 vs. 𝐀𝐠/𝐀𝐠𝐂𝐥 for 30 min. 
The process of electrodeposition takes time at room temperature and without stirring. After 
deposition, the as deposited 𝑪𝒁𝑻𝑺 films were washed with distilled water and dried in air. 
Subsequently, the well adhered and uniform 𝑪𝒁𝑻𝑺 thin films were annealed with sulfur powder 
𝐒 which accelerates the reactions under argon gas (𝐀𝐫) [4,176]. As reported in our previous 
work by using 𝐍𝐚𝟑𝐂𝟔𝐇𝟓𝐎𝟕 and 𝐂𝟒𝐇𝟔𝐎𝟔 as complexing agents good crystal structure was 
attained for 𝑪𝒁𝑻𝑺 kesterite thin film at an annealing temperature of 450°𝐂 for 30 min [4]. 
The crystallographic phase of p-layers was observed by using X-ray diffractometer (XRD, 
Rigaku Ultima IV diffractometer) using 𝐂𝐮 − 𝐊𝛂 radiation (𝛌 =  𝟏. 𝟓𝟒𝟎𝟔𝟎 Å) with 2θ angle 
ranged from 20° up to 60°. The morphological surface was observed by using a Zeiss ULTRA 
55 FE-SEM (field emission scanning electron microscopy) model, equipped with an In-Lens 
SE detector for energy dispersive X-ray spectroscopical (EDS) analyzer to measure the 
composition of samples. Eventually, the optical properties of the ITO sample were tested by 
using Ocean Optics HR4000 UV-Visible spectrophotometer. 
3. Result and discussion  
3. 1. X-ray diffraction and Raman spectroscopy studies 
The X-ray diffraction patterns of all sulfurized 𝐂𝐙𝐓𝐒 thin films derived from 𝐂𝐮 − 𝐙𝐧 − 𝐒𝐧 −
𝐒 precursors electrochemical deposited onto different glass substrates are shown in Figure 1. 
The main peaks at approximately 2𝛉 = 28.5°, 32.9°, 47.3°, and 56.1° correspond to the 
kesterite 𝐂𝐙𝐓𝐒 structure (reference JCPDS card: 26-0575) [177], are present on all the samples 
elaborated with the planes reticular which correspond respectively to (112), (200), (220) and 
(312). All substrates show exhibit major peaks without any secondary phases such as 𝐒𝐧𝐒𝟐 and 
𝐂𝐮𝐱𝐒 [178].   
The sample GS-Mo which is elaborated onto the molybdenum (𝐌𝐨) glass substrate 
presents an extra peak at around 2𝛉 = 40.39° which identifies the structure of Mo with (110) 
direction [179–181]. We note that the intensity of the Mo peak is quite small compared to that 
of constituting kesterite structure, which is not the case in the other studies [132]. The increased 
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intensity of the peak (112) relative to the peak of Mo indicates a thicker 𝑪𝒁𝑻𝑺 film and stronger 
fibrous texture (112) for the film elaborate onto Mo substrate [182]. Similarly for the GS-FTO 
sample which has peaks at around 2𝛉 = 26.5°, 37.85°, 51.56° which generally corresponds to 
the peaks of fluorine tin oxide (reference JCPDS card: 46-1088) [174,183]. As far as the film 
elaborated onto FTO shows a fairly high intensity compared to other films, which explains that 
the crystallinity becomes more important, but it is likely to have grain sizes as important than 
a loss of homogeneity. The use of Mo conducting substrates for thin film 𝑪𝒁𝑻𝑺 
electrochemically deposited results in thin polycrystalline films with good compositional 
uniformity, the main peak (112) shows an intensity so important and sharpen which explain 
that the film presents a good homogeneity and that necessary for the production of SC with a 
good performance. 
 
Figure  1 : XRD spectra of sulfurized CZTS samples grown at different glass supports 
Figure 2 shows the Raman spectrum of the annealed 𝑪𝒁𝑻𝑺 thin films deposited onto different 
glass substrates in the range from 200 cm−1 up to 550 cm−1. The Raman spectroscopy 
technique is used to identify possible secondary phases of tetragonal Cu2SnS3 and cubic ZnS 
which are difficult to distinguish using the XRD since they represent the same fundamental 
zinc-blended structure as kesterite phases of 𝑪𝒁𝑻𝑺.  
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Figure  2 : Raman spectra of CZTS films deposited on diverse substrates 
As Figure 2 shows, the Raman spectrums of all samples indicate the formation of the phase 
purity of the 𝑪𝒁𝑻𝑺 thin films with main peaks located at 336 cm−1 (A1 peak) and other peaks 
around 292 cm−1 and 370 cm−1 as weak peaks. In addition, the Raman spectrum of 𝑪𝒁𝑻𝑺 −
Mo sample exhibit formation of the tetragonal 𝑪𝒁𝑻𝑺 peak with a high intensity compared to 
the other substrate. As the substrates change from ITO to Mo, the intensity of the main peak 
(A1 peak) increases. Therefore, the crystallinity of the film’s characteristic of the kesterite 
𝑪𝒁𝑻𝑺 phase improved and the films show a high purity.  
3. 2. Morphological and compositional studies  
The purpose of this research was to examine the influence of working electrode of 𝑪𝒁𝑻𝑺 films 
deposited by one step electrodeposition. SEM images of thin films on different substrates, 
subsequently drying and annealing at 450 ° C, are presented in Figure 3.  
For each sample, SEM images were presented with the dimensions of 10 micrometers, 1 
micrometer and samples cross section. All samples show a uniform layer of kesterite structure, 
with a difference in porosity ranging from ITO to Mo. It is clear that the uniformity grown 
grains and homogeneous thin film surface shown in Figure 3C produced onto Mo substrate is 
much improved as compared to those presented in Figure 3B or 3A. The 𝑪𝒁𝑻𝑺 thin film 
elaborated on ITO coated glass present some cracks on the surface, which is also the case for 
Figure 3b (FTO substrate) but it remains less with larger grains than compared to other 
supports. The cross section of the substrates shows a large film diameter but this depends 
mainly on the deposition time and not on the basic substructure [184]. The inhomogeneity of 
the absorber layer will produce a distribution of the formation for the buffer layer between the 
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grain’s boundaries. This will also limit the efficiency of the absorber layer [185]. The film 
deposited on ITO glass substrate particularly presents this drawback. Therefore, the results 
found by XRD for thin films elaborate on Mo coated glass are likewise verified by SEM. The 
morphology of the film onto Mo glass substrates shows a compact and uniform morphology, 
with coherent grains. Because of recombination phenomena at the grain boundary, the compact 
morphology significantly improves the performance of the 𝑪𝒁𝑻𝑺 SC. 
 
Figure  3 : CZTS films SEM images on (A) ITO, (B) FTO and (C) Mo substrates 
The compositional analysis of annealed 𝑪𝒁𝑻𝑺 samples deposited onto different 
conductor substrates is shown in Table 1.  
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Table  1 :  𝑪𝒁𝑻𝑺 films composition deposited on different glass substrates  
Sample 
ID 
Composition Ratio  
𝑪𝒖 𝒁𝒏 𝑺𝒏 𝑺 𝑪𝒖/𝒁𝒏 + 𝑺𝒏 Zn/Sn 
GS-ITO 23.33 11.29 16.58 48.8 0.837101 0.68 
GS-FTO 23.07 12.02 17.05 47.86 0.793602 0.70 
GS-Mo 23.19 14.89 14.9 47.02 0.778449 0.99 
The EDS results depicted the existence of all elements in the deposited films which is obvious. 
The thin films deposited on glass substrates (FTO and Mo coated) show a closer stoichiometry 
which is not the case for GS-ITO thin film. The stoichiometry represented is far from the meant 
composition 2:1:1:4 which requires an in-depth study on the different conditions of elaboration 
such as sample parameters, atoms scattering power and also the comparison with standard 
samples to reach it; but it remains similar to previous research [186]. Namely, the choice of the 
working electrode in the electrodeposition technique often affects the formation of the absorber 
layer above which is already approved by SEM images. It was examined that the ratio Cu/Zn +
Sn is less than 0.9 that is proportionally near to the values for higher performance CZTS 
absorber [174,187].  
3. 3.  Optical properties 
Semiconductor materials are known by fundamental property which is the energy of the 
forbidden band and that is the difference of energy among the maximum level of valence bands 
and minimum level of the conduction band. Using the absorption data from the transmittance 
spectra, the bandgap energy can be found following the classic relation: [188,189]  
𝛂𝐡𝐯 = 𝐀(𝐡𝐯 − 𝐄𝐠)𝐧 
Where α is the absorption in semiconductor, hυ is photon energy, Eg offered the bandgap 
energy, n depends on the transition probability, it takes the value of ½ or 2 correspondings to 
indirect and direct bandgaps, respectively. Thus, the extrapolation of the linear region to 
interrupt the X-axis from the curve (αhv)2 according to hv describe the value of the bandgap 
energy. Figure 4 shows approximated (αhυ)2 variation as a function of hυ for 𝑪𝒁𝑻𝑺 films. 
The value of 1.47 eV has been observed, which is consistent with Eg values previously reported 
for the 𝑪𝒁𝑻𝑺 thin film [190,191]. This value appears to be an appropriate energy bandgap for 
a SC since it is not reliant on the change of support but mainly on the change of electrolyte 
composition or the annealing temperature [164,188].  
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Figure  4 : (𝜶𝒉𝝊)𝟐 variation as a function of 𝒉𝝊 for CZTS films 
3. 4. Numerical Analysis 
When the semiconductor is amalgamated with the metal contact, a junction is formed 
between the semiconductor and metal contact. This junction formation is of two types and 
depending upon the p-type semiconductor bandgap, simulation parameters, electron affinity 
and metalwork function given in Table 2, Table 3, and Table 4.  
i. Schottky junction  χ𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑟 + 𝐸𝑔 > metal work function 
ii. Ohmic junction χ𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑟 + 𝐸𝑔 < metal work function 
The junction formed between the 𝑝 −type 𝑪𝒁𝑻𝑺 kesterite and back contacts used in this study 
is of type 1 Schottky Junction. Therefore, when a contact is made between metal and 𝑝 −type 
semiconductor material, and because of the low charge density of absorber material holes are 
removed from the surface of the material. The removing of holes from a surface of materials 
creates a vacancy for electrons and this leads to the establishing depletion region in the 
semiconductor. The formation of band bending with different back contacts and spike interface 
with CdS layer is plotted in Figure 5. 
The parameters enlisted in Table 2 are used to simulate and analyze the basic 
characteristics of solar cells in 𝑆𝐶𝐴𝑃𝑆 − 1𝐷. These parameters are dielectric permittivity (𝜀𝑟), 
electron affinities (χ), valance band and conduction band effective state densities (𝑁𝐶,𝑁𝑉), 
intrinsic electron and hole carrier concentrations (𝑛, 𝑝) , electron-hole mobilities (𝜇𝑒 , 𝜇𝑝), 
thickness (𝑊) and bandgaps (𝐸𝑔).  
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Table  2 :  Device modeling physical parameters used in 𝑺𝑪𝑨𝑷𝑺 − 𝟏𝑫. 
Material parameters n-ZnO n-CdS p-CZTS 
W (𝛍𝐦) 0.1 0.1 1~4 
χ (𝐞𝐕) 4.6 4.5 4.5 
𝐄𝐠 (𝐞𝐕) 3.3 2.4 1.45 
𝜺𝒓 9 9 9 
𝐍𝐂 (𝐜𝐦−𝟑) 2.2 × 1018 1.8 × 1019 2.2 × 1018 
𝐍𝐕 (𝐜𝐦−𝟑) 1.8 × 1019 2.4 × 1018 1.8 × 1019 
𝝁𝒆, 𝝁𝒑 (𝐜𝐦
𝟐/𝐕𝐬) 100/25 100/25 60/20 
n, p (𝐜𝐦−𝟑) 1 × 1017 1 × 1016 4 × 1018 
Table  3 :  Physically induced defects.[192,193]. 
Defect properties Values 
Defect energy level (𝒆𝑽) 0.6 
Trap Density (𝒄𝒎−𝟑)𝑵𝒕  1 × 10
15 
Electrons Capture Cross section area (cm²) 𝜹𝒆  4.4 × 10
−15 
Holes Capture Cross section area of holes (cm²)  𝜹𝒉 4.4 × 10
−15 
Table  4 :  Work function of metal and semiconductor 
Semiconductors Electron Affinities, χ 
Element Abbreviation  𝒆𝑽 
Copper zinc tin sulfide 𝐶𝑍𝑇𝑆 4.5 
Cadmium sulfide 𝐶𝑑𝑆 4.45 
Zinc oxide 𝑍𝑛𝑂 4.5 
Metal Work function (eV) 
Indium tin oxide 𝐼𝑇𝑂 4.7 
Fluorine-doped tin oxide 𝐹𝑇𝑂 4.74 
Molybdenum 𝑀𝑜 4.95 
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Figure  5 : Different metals and semiconductor Schottky junction and band formation 
From plotted band diagram different metal work function provides a different degree of band 
bending in 𝐶𝑍𝑇𝑆 layer. Now to analyze the effect of band bending on SC performance we used 
𝑆𝐶𝐴𝑃𝑆 − 1𝐷 software. The results were evaluated based on our earlier studies for 𝐶𝑍𝑇𝑆 
kesterite SC [34].  The major limitation in solar cell performance is recombination in a solar 
cell that takes place at three different regions of a solar cell. That is interface recombination 
between two different layers, bulk recombination, and metal contact recombination. Whereas 
metal contact recombination is highly depended upon metal work function and alignment of 
band edge of metal with absorber layer. Greater band bending at back contact will lead to higher 
recombination at back metal contact for solar cell. Based on results presented in Figure 6, 
Figure 7 and table 5, with 𝑀𝑜 as back contact device performance was enhanced. Figure 6 
shows the 𝐽𝑉 characteristics of solar cells and Figure 7 shows the results for total recombination 
in SC. Based on the results with an increase in metal work function recombination near the 
back-contact interface is reduced and this in terms helps in enhanced device performance.  
Table  5 :  Solar cell performance parameters 
Device  𝑷𝑪𝑬 (%) 𝑭𝑭 (%) 𝑱𝒔𝒄 (𝒎𝑨/𝒄𝒎
𝟐) 𝑽𝒐𝒄 (𝑽) 
𝐼𝑇𝑂/𝐶𝑍𝑇𝑆/𝐶𝑑𝑆/𝑍𝑛𝑂 1.93 55.70 24.76 0.14 
𝐹𝑇𝑂/𝐶𝑍𝑇𝑆/𝐶𝑑𝑆/𝑍𝑛𝑂 3.95 69.28 25.08 0.34 
𝑀𝑜/𝐶𝑍𝑇𝑆/𝐶𝑑𝑆/𝑍𝑛𝑂 8.38 75.93 25.56 0.44 
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Figure  6 : 𝐽 − 𝑉 characteristics of 𝐼𝑇𝑂, 𝐹𝑇𝑂, 𝑀𝑜 used as back contacts 
 
Figure  7 : Recombination profile of different metal contact. 
4. Conclusion: 
One step electrochemically deposited 𝑪𝒁𝑻𝑺 kesterite thin films for SC were carried out on Mo, 
FTO and ITO substrates. Effect the structural properties and morphology of 𝑪𝒁𝑻𝑺 deposited 
samples were also investigated. 𝐂𝐮𝐒𝐨𝟒, 𝐙𝐧𝐒𝐨𝟒, 𝐒𝐧𝐒𝐨𝟒 and 𝐍𝐚𝟐𝐒𝟐𝐎𝟑 are used as precursors 
in electrolyte with 𝐍𝐚𝟑𝐂𝟔𝐇𝟓𝐎𝟕 and 𝐂𝟒𝐇𝟔𝐎𝟔 used as complexing agents. Different samples are 
deposited at room temperature with a voltage of -1.05V vs. Ag/AgCl reference electrode. All 
samples were annealed at a temperature of around 450°C. The X-ray diffraction 
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characterization shows the development of 𝑪𝒁𝑻𝑺 kesterite structure, with a good crystallinity 
onto Mo substrates and phase purity, which were also confirmed by Raman spectroscopy. SEM 
analysis showed the use of Mo substrate for uniform and compact morphology with grain 
consistency. Optical measurements showed that the deposited thin films present a bandgap of 
around 1.47eV. Effect of metal back contact work function on device performance was also 
investigated using 𝐂𝐙𝐓𝐒 as an absorber layer with the aid of SCAPS software. From analysis, 
it was originated that the SC structure, 𝐛𝐚𝐜𝐤 𝐜𝐨𝐧𝐭𝐚𝐜𝐭/𝐂𝐙𝐓𝐒/𝐂𝐝𝐒/𝐙𝐧𝐎, with Mo as back 
contact showed better performance. 
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Abstract 
The high absorption coefficient and direct optical band gap of a kesterite 𝐶𝑢2𝑍𝑛𝑆𝑛𝑆4 (𝑪𝒁𝑻𝑺) 
makes it very promising absorber material in the manufacturing of high efficiency and low-
cost thin film photovoltaic cells. Single step electrochemical deposition of 𝑪𝒁𝑻𝑺 quaternary 
compound thin films on Indium tin oxide (ITO) substrates is reported in this work. The films 
were obtained from aqueous solutions at room temperature. The key objective of this work is 
to examine the effect of annealing temperature on 𝑪𝒁𝑻𝑺 thin films. Sulfurization of thin films 
were performed under different temperature range from 400℃ to 550℃. Good crystal structure 
was achieved at temperature 500℃ with the complexing agent of trisodium citrate. Deposited 
films material composition was evaluated by analyzing UV-visible spectroscopy, EDS, FE-
SEM and XRD. The thin film with good morphological, structural and optical (1.51eV) 
properties was achieved at temperature 500℃. The results reported in this work will provide 
an imperative guideline for efficient low-cost design of 𝑪𝒁𝑻𝑺 thin films. 
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1. Introduction : 
The photovoltaic cell made from semiconductor materials plays a momentous role in power 
production. The solid-state semiconductor photovoltaic devices have emerged as a newer and 
a relatively sustainable energy source. For production purposes, thin film technology is used 
as the efficient and cost-effective solar cell technology. This technology is an excellent and 
exceptional topic of intense research and also suitable for large and low scale device application 
[194]. Thin film photovoltaic technologies are based on various types of light absorbers 
semiconductor materials. Historically in the thin film technology, amorphous silicon-based 
solar cells played a momentous role. Researchers move towards cadmium telluride 𝐶𝑑𝑇𝑒 and 
copper indium gallium selenide 𝐶𝐼𝐺𝑆 based thin-film solar cell materials [35]. Commercially 
these materials are used for the production of thin film solar cells because of high absorption 
coefficient > 104𝑐𝑚−1, excellent optical and electrical properties and high power conversion 
efficiency [195,196]. For many decades great effort has been done on the optimization of 𝐶𝐼𝐺𝑆 
and 𝐶𝑑𝑇𝑒-based devices. The scalability of technology is limited for commercial use because 
of the rising cost and toxic nature of content cadmium (𝐶𝑑) in 𝐶𝑑𝑇𝑒 absorber and the scarcity 
of tellurium (𝑇𝑒), gallium (𝐺𝑎) and indium (𝐼𝑛). The toxic nature restricts the further 
advancement of these photovoltaic cells and the rare materials, gallium (𝐺𝑎) and indium 
(𝐼𝑛) used in these photovoltaic cells also increase the manufacturing cost. Therefore,  the 
commercial production of 𝐶𝐼𝐺𝑆 based photovoltaic cell is limited [53,197]. 
Currently intensive research is conducting on 𝐶𝑢2𝑍𝑛𝑆𝑛𝑆4 (𝐶𝑍𝑇𝑆), 𝐶𝑢2𝑍𝑛𝑆𝑛𝑆𝑒4 (𝐶𝑍𝑇𝑆𝑒) and 
sulfur-selenium alloy 𝐶𝑢2𝑍𝑛𝑆𝑛(𝑆𝑥𝑆𝑒1−𝑥)4 (𝐶𝑍𝑇𝑆𝑆𝑒) for the development and production of 
low cost sustainable thin film solar cells. These materials drawing consideration because of 
exceptional electrical and optical properties for photovoltaic applications. These absorber 
materials are copper based nontoxic semiconductor materials. They are a good substitute for 
chalcopyrite absorbers when replaced gallium (𝐺𝑎) with tin (𝑆𝑛) and indium (𝐼𝑛) with 
comparatively inexpensive zinc (𝑍𝑛) in the 𝐶𝐼𝐺𝑆 absorbers [24,147,148,198]. The optimum 
direct band gaps, outstanding features and efficient performance of these kesterite materials 
made them very fascinating in the thin film’s community.  Several techniques have been used 
to synthesize the 𝐶𝑍𝑇𝑆 kesterite thin films like spin coating [116],  sol–gel [73], 
electrochemical deposition [199], spray pyrolysis [71], doctor-blade coating [121], co-
sputtering [119,120], chemical bath deposition [117], SILAR [118], photochemical deposition 
[122]. The highest power conversion efficiency (𝑃𝐶𝐸) achieved for 𝑆𝑒 rich 𝐶𝑍𝑇𝑆𝑆𝑒 based 
solar cell was 12.6% prepared by hydrazine-based solution deposition process [3]. Because 
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hydrazie is highly toxic and intensive care should be taken while handling hydrazine using 
proper protective equipment and this add to the cost of solar cell fabrication. 11.6% efficient 
𝐶𝑍𝑇𝑆𝑆𝑒 thin film solar cell was fabricated using thermal co-evoporation method [200] and via 
electrodepostion a 𝑃𝐶𝐸 of 7% was achieved for 𝐶𝑍𝑇𝑆𝑒 based solar cell [201]. For pure sulfide 
based kesterite solar cell with 𝑃𝐶𝐸 of 11.01% and having high open circuit voltage of 730.6 
𝑚𝑒𝑉 was achieved using co-sputtring method with heat treatment of fabricated samples [202]. 
Whereas 𝐶𝑍𝑇𝑆 with 𝑃𝐶𝐸 of 8.4% was also achieved by preheating an electrodepsited electrode 
at 310°C in an evacuated borosilicate glass ampoule before sulfrization [203]. Among all these 
techniques we find electro chemical deposition interesting for kesterite application because  
many composite metal alloys can be deposited on a large surface area with controlled thickness 
[124,177]. Although in single step electrodeposition of 𝐶𝑍𝑇𝑆 is quite difficult to control 
because the metal alloys 𝐶𝑢 − 𝑍𝑛 − 𝑆𝑛 − 𝑆 presents different oxidization reduction potential 
[125,126]. To control the oxidization and reduction potential for metal alloys complexing agent 
play a vital role in bath solution [128,164] because the key factors for kesterite performance 
are deposition potential, crystalline structure and stoichiometry [129,130]. There is an 
empirical rule, that 𝐶𝑢 poor and 𝑍𝑛 rich based 𝐶𝑍𝑇𝑆 thin film reported high conversion 
efficiency. The ratio for metal alloys should be ranged between 0.70 to 1.20 (𝐶𝑢/𝑍𝑛 +
 𝑆𝑛) [131–133]. 
The effect of complexing agent concentration on annealing temperature with optical, 
structural and morphological characterization were investigated in this research work. In order 
to obtain cost effective 𝑪𝒁𝑻𝑺 thin films by single bath electrodeposition technique, we 
examined the effect of the addition of the complexing agent 𝑪𝟔𝑯𝟓𝑵𝒂𝟑𝑶𝟕 on the annealing 
temperature, which creates the originality of this study. 
2. Experimental section 
𝑪𝒁𝑻𝑺 kesterite precursor film were electrochemically deposited on indium tin oxide 
(ITO) coated glass substrate having 𝟏 × 𝟐. 𝟓 𝒄𝒎𝟐 area of deposition. 50 milli litter aqueous 
solution containing 0.02M copper sulfate pentahydrate 𝑪𝒖𝑺𝑶𝟒. 𝟓𝑯𝟐𝑶, 0.01M zinc sulfate 
monohydrate 𝒁𝒏𝑺𝑶𝟒. 𝑯𝟐𝑶, 0.01M tin sulfate 𝑺𝒏𝑺𝑶𝟒, and 0.02M sodium thiosulfate 
𝑵𝒂𝟐𝑺𝟐𝑶𝟑 were used as electrolyte. To keep the pH of electrolyte around 5, 0.1M tartaric acid 
(𝑪𝟔𝑯𝟔𝑶𝟔)  was added in 𝑪𝒁𝑻𝑺 precursor. 0.2M trisodium citrate (𝑪𝟔𝑯𝟓𝑵𝒂𝟑𝑶𝟕) was used as 
complexing agent. Electrochemical deposition was carried out by using three-electrode setup 
in Autolab PGSTAT302N potentiostatic. Where (𝑨𝒈/𝑨𝒈𝑪𝒍) saturated calomel electrode as 
the reference electrode, platinum wire (𝑷𝒕) as a counter electrode, 𝑰𝑻𝑶 were used as a working 
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electrode. The working electrode is immersed in the precursor solution. Schematic diagram of 
electrochemical deposition setup is shown in Figure 1. 𝑪𝒁𝑻𝑺 precursor layer were deposited 
by using chronoamperometry technique at -1.05V potential (vs. Ag/AgCl). Without stirring 
deposition was taken for 30 min at room temperature. After deposition process ended, 𝑪𝒁𝑻𝑺 
deposited films were rinsed with deionized water and after that at room temperature they were 
dried in air. To get the required peaks from the deposited films, films were annealed at different 
temperatures by applying sulfurization.  For the sulfurization process we use tubular setup, in 
which graphite posts are used for the holding of deposited films and sulfur powder (𝑺) was 
also used. Annealing process was done with the presence of argon (𝑨𝒓) gas in tubular setup 
within the temperature variant from 400℃ to 550℃ for 40 min.  
𝑪𝒁𝑻𝑺 films samples structural characterization was carried out by using Rigaku Ultima 
IV Ray Diffractometer (XRD), 𝑪𝒖𝑲𝜶 radiation (𝝀 = 𝟏. 𝟓𝟒𝟎𝟔𝟎 Å) in the Bragg-Bentano 
configuration. Field emission scanning electron microscopy (FE-SEM) analysis was done to 
examine the morphology and energy dispersive X-ray (EDS) analysis was done to investigate 
the chemical composition of the 𝑪𝒁𝑻𝑺 deposited samples with 𝟎. 𝟐 𝑴 concentration of 
complexing agent. These analyses were performed by using Zeiss ULTRA 55 model equipped 
with an In-Lens SE detector. Raman spectroscopy of different annealed samples were recorded 
by using Horiba Jobin Yvon LabRAM HR spectrometer equipped with thermoelectrically 
cooled Electronically enhanced Multichannel Charge Coupled Device (EMCCD) and an edge 
filter that cuts Raman signals below ∼35 𝒄𝒎−𝟏. Solid-state green laser emitting at 𝟓𝟑𝟑 𝒏𝒎 
with a resolution of roughly 𝟏 𝒄𝒎−𝟏 was used. The optical properties of 𝑪𝒁𝑻𝑺 films were 
evaluated by using Ocean Optics HR4000 UV-Visible spectrophotometer coupled with an 
integrating sphere (to collect both specular and diffuse transmittance). Optical band gap (𝑬𝒈) 
estimated from Tauc Equation is 𝜶𝒉𝝂 =  𝑨 (𝒉𝝂 −  𝑬𝒈)𝒏 where n is ½ for direct band gap 
transition and 𝜶 =  𝟏/𝒕  𝒍𝒏 (𝟏/𝑻) relation [204]. 
 




Figure 1 : Autolab PGSTAT 302N potentiostatic setup  
3. Result and Discussion 
3.1. XRD Analysis 
Crystal structure of 𝑪𝒁𝑻𝑺 precursors samples were examined by using XRD analysis. 
Figure 2 demonstrates the XRD diffraction spectrum pattern of 𝑪𝒁𝑻𝑺 as deposited and samples 
annealed at temperatures of 400℃, 450℃, 500℃ and 550℃. The patterns were recorded in 2θ 
angle range 20°-60°. It can be clearly observed that the as-deposited films exhibit the peaks 
corresponding to the secondary phase of 𝒁𝒏𝑺, 𝑪𝒖𝟔𝑺𝒏𝟓 and 𝑺 [205]. The XRD pattern for 
annealed sample deposited with 0.2 M concentration of complexing agent shows strong peaks 
located at 28.31°, 47.10°, and 55.93° corresponding to the (112), (204), and (312) planes with 
reference JCPDS card #26-0575 [206]. Several weaker peaks were also observed in the 
annealed samples at point 22.76°, 29.51°, 32.83° for kesterite structure [207–209]. Existence 
of all peaks for annealed samples are shown in diffraction spectrum. 
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Figure 2 : X-ray diffraction spectrum of annealed samples 
In the sample ED500C, 𝑪𝒁𝑻𝑺 kesterite structure thin films reticular planes (112), (220) and 
(312) are distinctly observed. Moreover, the affinity and intensity of peaks in XRD shows that 
the deposition had more crystalline particles. Average value of 𝑪𝒁𝑻𝑺 thin film crystallite size 
can be obtained from Debye – Scherrer’s  equation given in Equation 1[210,211]. 
𝑫 = (𝑲𝝀 𝜷 𝑪𝒐𝒔𝜽⁄ )                                                   (1) 
Where 𝜽 represents the diffraction angle, 𝛃 is the width at half height intensity or full width 
half maximum (FWHM) of the peak, 𝝀 is the wavelength of the incident beam, 𝑲 is Scherrer's 
constant and usually takes the value 0.9 and 𝑫 is the crystalline size. XRD analysis states the 
peaks position, crystallite size and full width at half maximum (FWHM) as given in Table. 1.  
As cubic ZnS and tetragonal 𝐂𝐮𝟐𝐒𝐧𝐒𝟑 has same secondary phases as kesterite 𝑪𝒁𝑻𝑺 and its 
hard to distinguish in XRD. Therefore, Raman spectroscopy of different annealed sample was 
recorded out in range of 200-600 𝐜𝐦−𝟏 and plotted in Figure 3. The main peak of Raman 
spectra was at 330 𝐜𝐦−𝟏 and this does not correspond to the principal peaks of ZnS and 
𝐂𝐮𝟐𝐒𝐧𝐒𝟑[212–214].  
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ED400C 400 28.2812 0.2289 37.37 
ED450C 450 28.3912 0.1891 45.25 
ED500C 500 28.3062 0.1848 46.30 
ED550C 550 28.2845 0.2057 41.60 
 
Figure 3 : Raman spectra of different CZTS thin films 
3.2. FE-SEM and EDS analysis 
FE-SEM images of 𝑪𝒁𝑻𝑺 film as-deposited and samples annealed on different 
temperature are shown in Figure 4 and Figure 5. Surface morphology of annealed samples 
strongly dependent on the value of temperature. From Figure 5, we examined that large surface 
morphological difference is present in the different annealed samples. The morphological 
studies show that with rising annealed temperature the grain morphology is well define and this 
effect can be visible by observing Figure 5. The morphology of films ED400C and ED450C 
shows that the film has a non-uniform surface with the presence of some voids or cavities. 
Samples ED450C and ED550C have a dense structure with circular grains. FE-SEM 
morphological analysis of 𝑪𝒁𝑻𝑺 thin films shows, film surface strongly depends on the 
annealing temperature and this is confirmed also with the results of XRD given in Figure 2.  
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Figure 4 : FE-SEM descriptions of as-deposited CZTS film. 
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Figure 5 : FE-SEM descriptions of annealed 𝑪𝒁𝑻𝑺 film samples with cross-sectional 
morphology 
Identification of elemental composition is done by characterizing the X-rays and the technique 
used for that is known as X-ray energy dispersive spectroscopy (EDS). Chemical composition 
can examine in a microscopic area with the help of EDS micro-analyzer. Table 2 explains the 
EDS analysis data with elemental composition in the electrochemically deposited 𝑪𝒁𝑻𝑺 thin 
films with different annealing temperature. From Table 2 with increase in annealing 
temperature of 𝑪𝒁𝑻𝑺 thin film, it become more stoichiometric. EDS spectra of different 𝑪𝒁𝑻𝑺 
kesterite thin film samples are shown in Figure 6. 
Table 2 :  CZTS kesterite films composition by EDS analysis 
 Sample ID 
Elements 
Cu Zn Sn S Cu/(Zn+Sn) 2Cu + 4(Zn+Sn)/3S 
ED400C 34.13 26.22 15.81 23.85 0.81 70.61 
ED450C 29.75 14.81 10.98 44.46 1.15 60.27 
ED500C 22.82 10.67 16.25 50.26 0.81 46.34 
ED550C 25.22 11.33 13.33 50.11 1.02 51.09 
 
Figure  6 : EDS spectrum of annealed CZTS kesterite thin films  
Values given for FWHM and crystallite size has a direct effect on strain and dislocation density 
of film, and this is expressed by the relation given in Equation 2 and 3.  
𝜹 = (𝟏 𝑫𝟐⁄ )                                                                (2) 
𝜺 = (𝜷 𝑪𝒐𝒕𝜽 𝟒⁄ )                                                          (3) 
Results for dislocation density and strain of different annealed 𝑪𝒁𝑻𝑺 samples are given in 
Figure 5. From Table 3, with increase in temperature there is a decrease in crystal strain up to 
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a value of 500℃ but at 550℃ there is an increase in strain indicating imperfection in crystal 
lattice. The results presented for strain indicates columnar grain growth of crystals as shown 
in Figure 5.   
Table 3 :  Dislocation density and strain 
Temperature 
(℃) 
𝜹 (Dislocation density)  
𝟏𝟎𝟏𝟒 𝐥𝐢𝐧.𝒎−𝟐 
𝜺 (strain) 
400 7.16 0.106367 
450 4.88 0.08747 
500 4.67 0.08578 
550 5.78 0.095569 
3.5. UV-visible spectroscopy 
Measurement of the band gap energy of the electrochemically deposited 𝑪𝒁𝑻𝑺 kesterite thin 
films annealed on different temperature was done on UV visible spectroscopy by using Ocean 
Optics HR4000 UV-Visible spectrophotometer coupled with an integrating sphere (to gather 
specular and diffuse transmittance). At room temperature optical absorption spectra 
recorded in the wavelength for the 𝑪𝒁𝑻𝑺 kesterite thin films taken was ranging from 450 nm 
to 1000nm. Transmission spectrum of deposited 𝑪𝒁𝑻𝑺 films are shown in Figure 7. Optical 
band gap energies can be determined from the transmittance data.  
 
Figure  7 : Transmittance spectrum of annealed CZTS kesterite thin films 
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Variation of (𝒂𝒉𝒗)𝟐 as a function of photon energy (𝒉𝒗) for deposited 𝑪𝒁𝑻𝑺 films at a 
different temperature of annealing. Photo conversion efficiency of solar cell is highly depended 
upon the material band gap energy. Determining the fundamental band gap energies are 
possible due to the difference between conduction and valence band levels. The band gap 
energies are determining with the help of optical absorption spectra. It can be measured by 
the Tauc’s relation between energy and absorption and given in Equation 4  
(𝜶𝒉𝒗)𝟐 =  𝑨(𝒉𝒗 − 𝑬𝒈)                                                     (𝟒) 
where ν is the incident photon frequency, h is the Planck’s constant, α is the absorption 
coefficient, n is equal to 1/2 for a direct transition, and to 2 for an indirect transition Eg is the 
optical band gap, A is a constant. Electrochemically deposited 𝑪𝒁𝑻𝑺 kesterite thin films band 
gap energy is shown in Figure 8. The graph was taken between ℎ𝑣 and (𝛼ℎ𝑣)2 and the band 
gap energy was plotted by drawing a tangential line that extrapolate the linear part of the 
energy spectrum [143]. Figure 8. shows that different annealed 𝑪𝒁𝑻𝑺 thin films band gap 
energies are ranged between 1.48𝑒𝑉 and 1.61𝑒𝑉 and rising in annealing temperature 
decreases the band gap. The grain size, crystallinity and modification of the material structural 
properties played a momentous role in the variation of optical properties [144]. The band gap 
energy of samples ED400C, ED450C, ED500C and ED550C are 1.61 𝑒𝑉, 1.54 𝑒𝑉, 1.51 𝑒𝑉 and 
1.48 𝑒𝑉 respectively. Figure 8 confers that the electrochemically deposited sample ED500C 
have an optimal band gap value which is near to the optimum band gap for designing the high-
power conversion efficiency from solar cell. 
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Figure  8 : CZTS thin film band gap energy 
Table 4 :  CZTS thin films optical band gaps 
Samples Annealing Temperature (℃) Optical band gap (eV) 
ED400C 400 1.61 
ED450C 450 1.54 
ED500C 500 1.51 
ED550C 550 1.48 
4. Conclusion 
In this work 𝑪𝒁𝑻𝑺 thin film is fabricated using electrochemical deposition. The major concern 
for the limitation to achieve high efficiency 𝑪𝒁𝑻𝑺 thin film is to control the composition of 
metal alloys as these alloys has different oxidization and reduction potential. To control the 
composition of the alloys and to get good stoichiometry of the film trisodium citrate 
𝐶6𝐻5𝑁𝑎3𝑂7 complexing agent was added into the solution with 0.2 𝑀 concentration. From the 
results presented above it was found that 0.2M molar concentration works well for the 
fabrication of 𝑪𝒁𝑻𝑺 thin film with good structural, morphological and optical properties at 
different annealing temperatures (400℃ − 550℃). The thin film with good morphological, 
structural and optical (1.51𝑒𝑉) properties was achieved at temperature 500℃.     
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General discussion 
The large-scale development of photovoltaic energy remains conditional on a reduction in the 
cost of solar cells. In this context, the 𝐶𝑢2𝑍𝑛𝑆𝑛𝑆4 (𝐶𝑍𝑇𝑆) is a promising material based on eart 
abundant elements in nature and non-toxic. In terms of cost, the processes for manufacturing 
𝐶𝑍𝑇𝑆 solar cells by chemical means are very much in demand to develop thin layers with 
several compounds, in particular, the electrodeposition technique. 
First, we developed and studied the effects of experimental parameters such as concentration 
of the precursors, the deposition time, the pH variation, the annealing temperature and also the 
addition of the complexing agents in the electrolytic bath on the properties of 𝐶𝑍𝑇𝑆 absorbent 
layers. After deposition of 𝐶𝑍𝑇𝑆 thin film, the films underwent a series of structural, 
morphological and optical characterizations using the following means: X-ray diffractometer, 
Raman spectrometry to confirm the kesterite structure and the absence of the secondary phases, 
the microscope scanning electron followed by EDS to obtain the atomic composition of the 
layers, the atomic force microscope to confirm the morphology and the topography of the 
substrates and then the UV-Visible spectrophotometer. 
Based on characterization results, parameters that were found which can affect the morphology 
and characteristic of CZTS thin film were. 
1. Effect of precursor ration and annealing temperature 
2. Complexing agent 𝑵𝒂𝟐𝑺𝑶𝟒 effect on fabrication of CZTS thin film 
The influence of precursors concentration with the annealing temperature has been executed. 
Taking into account a composition of the electrolyte composed by trisodium citrate 
𝑵𝒂𝟑𝑪𝟔𝑯𝟓𝑶𝟕 and tartaric acid 𝑪𝟒𝑯𝟔𝑶𝟔 as complexing agents, the annealing temperature for 
the as deposited 𝐶𝑍𝑇𝑆 thin layers cannot be below 450 °𝑪. Otherwise we lose the kesterite 
structure especially without the presence of secondary phases. Now to study the effect on 
complexing agent on as deposited 𝐶𝑍𝑇𝑆 thin film and on annealing temperature of samples, we 
fixed the composition of the bath as well as the other parameters. Samples deposited with 
complexing agent 𝑵𝒂𝟐𝑺𝑶𝟒 has achieved a pure Kesterite phase at annealing temperature of 
350 °𝑪 with time duration of 45 min, with a well-defined crystal structure. This made it possible 
to demonstrate that it is not necessary to carry out a sulfurization at 500 °𝑪 after the deposition 
in order to be able to form the CZTS phase.  
The results of the XRD characterization show that, the films present the Cu2ZnSnS4 phase 
under its kesterite structure with (112) as the preferred growth axis, these results are also 
confirmed by Raman spectroscopy. Afterwards, we have found that the size of the crystallites 
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is an increasing function of the annealing temperature, therefore we can deduce that the 
annealing process controls the size of the crystallites but up to an optimal value of 500 °𝑪. After 
this value, even if the annealing temperature increases, the size of the crystalline react inversely. 
Among the different phases that can form during the growth of CZTS are the tetragonal or cubic 
Cu2SnS3 or else ZnS-cubic and Cu3SnS4-orthorhombic. From these, only the orthorhombic-
Cu3SnS4 is easy to identify using XRD. Identifying the cubic and tetragonal phases using only 
the XRD technique is difficult, if not impossible. Here, Raman spectroscopy has just confirmed 
the Kesterite phase with a diffusion peak at around 336 cm−1.  
The optical characterization of CZTS over the visible range 450 to 1000 nm have shown that 
our films are opaque, which reflects the absorbent nature of the CZTS layers. The value of the 
gap varies from 1.45 eV and 1.6 eV. However, the slight differences observed between the 
samples could be due to the different phases present in each sample. In fact, samples with 
annealing temperatures between 450 °𝑪 and 550 °𝑪 showed a similar bandgap, although the 
T400 °𝑪 sample favored shifting the band gap to a higher value. The presence of multiple and 
parasitic phases promotes the increase of the optical absorption edge towards higher energy 
values. Whereas for T=350 °𝑪 the value of the gap energy seems equal to the optimal even if 
the annealing temperature is 50 °𝑪 lower compared to the last sample, this confirms the role of 
the added complexing agent and the hypothesis that we will lose the kesterite structure if we 
annealed at a temperature less than 450 °𝑪 with a composition free of 𝑵𝒂𝟐𝑺𝑶𝟒. Additionally, 
the thin layers produced in the presence of this complexing agent present a composition ratio 
of 𝑪𝒖/(𝒁𝒏 + 𝑺𝒏) between 0.8–0.9 which shows the optimized efficiency of the solar cells. 
The scanning electron microscope shows a uniform and consistent morphology for the films 
deposited at 350 °𝑪 in the presence of the complexing agent, while without the presence of this 
promising the morphology tends to be non-uniform at 400 °𝑪. 
In view of the above, an interaction between the film and the substrate can cause a strain in the 
deposited films, which alters the device's efficiency. Thus, it is very essential to control the film 
formation on the substrate surface. The preparation and characterization of 𝐶𝑍𝑇𝑆 thin layers 
were carried out on different conductive substrates by the electrodeposition method. The aim 
was to control the effect of back contact on the properties of CZTS solar cells. Structural 
analyzes by X-ray diffraction as well as Raman spectroscopy have shown that the CZTS 
Kesterite structure is formed without the presence of secondary phases. The intensity of the 
peak of kesterite (112) is more intense and sharper compared to (110) Mo peak, due to the 
increase in crystallinity. In addition, the optical results obtained by the technique of UV-Visible 
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spectroscopy showed a gap of around 1eV calculated from the Tauc relation from the 
transmission curve.  
Although, the morphology of the different substrates is composed of a large number of uniform 
sphere-like particles. A sufficiently compact CZTS layer uniformly covering the entire surface 
of the substrate exposed to the solution was obtained with the Molybdenum conductive 
substrate. Without any presence of crack on the surface, which is the case of ITO glass substrate. 
Thin layers Mo/CZTS have a uniform morphology with larger coherent grains. While the 
efficiency of solar cells has increased with increasing grain size in the absorbent layer. The Mo 
substrate plays an important role in the growth of thin layers, indicating that large grains are 
necessary for high-efficiency solar cells. Indeed, the nature of the contact can seriously affect 
the performance of the cell by increasing the series resistance which considerably reduces the 
fill factor.  
Effect of different metal back contact was also analyzed numerically using SCAPS- 1D 
software. Solar cell with structure (𝐵𝑎𝑐𝑘 𝑐𝑜𝑛𝑡𝑎𝑐𝑡/𝐶𝑍𝑇𝑆/𝐶𝑑𝑆/𝑍𝑛𝑂) was used for analysis 
whereas Mo, ITO and FTO was applied as back contact. Based on the results of numerical 
analysis it was also confirmed that solar cell with Mo as back contact has highest power 
conversion efficiency.  
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Conclusion  
The aim of our study was to develop and characterize 𝐶𝑍𝑇𝑆 thin film by using 
Electrodeposition. The quaternary 𝐶𝑍𝑇𝑆 presents properties so important that one cannot 
neglect them. That are their abundance in nature, non-toxicity, high absorption coefficient and 
suitable energy band gap for the application of solar cell absorber layer. Whereas the choice of 
Electrodeposition method was justified by its simplicity of implementation, low cost, its 
flexibility to combine several compounds as it does not require expensive materials and 
therefore presents facilities for industrial transfers. 
In order to develop CZTS layers and investigate the influence of deposition parameters on 
growth kinetics, optical, structural and morphological characteristics. Several ideas have been 
put forward to improve conversion yields. The results obtained shows that the devices produced 
on Mo glass substrate have better performance than CZTS devices based on ITO or FTO glass 
substrates. Similarly, the presence of the complexing agent in the electrolytic bath plays a very 
important role. 
Finally, and to conclude, we can say that during this thesis work, we managed to synthesize by 
the electrodeposition technique thin layers of CZTS kesterite, good crystalline qualities, 
homogeneous and conductive on different substrates, which makes them very suitable for 
practical applications in the photovoltaic field. 
As perspectives for this work  
We will continue the development of thin layers of CZTS, by electrodeposition, with different 
concentrations of the complexing agent in order to arrive at more relevant experimental 
conditions. 
Seek to increase the grain size for CZTS thin layers deposited in the presence of the complexing 
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